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Abstract 
Alcohol consumption in Australia is high and despite the NHMRC guidelines clearly 
indicating that when pregnant or planning a pregnancy, not drinking is the safest 
option, many women unknowingly consume alcohol prior to pregnancy recognition. 
Research using animal models has linked alcohol exposure at various times and 
doses (particularly high) throughout pregnancy with alterations in offspring behaviour 
and to a lesser extent, impairments to renal and cardiac development and function. 
Therefore, it is the aim of this PhD thesis to examine if periconceptional alcohol 
affects the development and disease progression of the kidney and heart. A further 
aim was to examine if any deleterious outcomes are exacerbated by the 
consumption of a high fat diet. 
 
Outbred female Sprague Dawley rats consumed a liquid diet of 12.5%v/v ethanol 
(PC:EtOH) or a control diet from four days before mating until four days after mating. 
Rats were then returned to standard lab chow and dams killed for tissue collections 
during fetal life (E20) or allowed to litter down naturally. At postnatal day 30 (PN30) 
nephron number was determined. A sub-set of offspring were fed a diet high in fat 
and cholesterol (HFD) from 3 months of age. Rats were housed in metabolic cages 
for 24 hr to assess renal function at 6, 12 and 19 months of age. Blood pressure (by 
radiotelemetry), heart function (in vivo using echocardiography and ex vivo using 
Langendorff preparation), and vascular reactivity were assessed in offspring. 
Kidneys, hearts and brain regions were collected for mRNA and protein analysis at 
19 months of age. 
 
PC:EtOH slowed kidney growth and decreased nephron endowment at postnatal day 
30, particularly in male offspring. While urine flow was altered by PC:EtOH early in 
life, by 19 months of age females exposed to alcohol exhibited an increased urine 
flow rate when compared to control animals. Arginine vasopressin (AVP) levels were 
not altered following PC:EtOH both during hydrated and dehydrated conditions. 
Despite decreased nephron number and altered urine flow, PC:EtOH did not alter 
offspring blood pressure. Surprisingly, PC:EtOH resulted in increased mRNA 
expression of arginine vasopressin receptor 2 and mRNA and protein expression of 
aquaporin-2 (AQP2). Immunohistochemistry demonstrated altered cellular 
localisation following PC:EtOH suggesting AQP2 was not appropriately inserted into 
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the membrane. This suggests that PC:EtOH programmed a diabetes-insipidus like 
phenotype in aged female offspring via altered trafficking of AQP2.  
 
The second study of this thesis examined how periconceptional alcohol exposure 
affected heart function and structure. Heart growth in fetal and early postnatal life 
was maintained in animals exposed to alcohol. Female PC:EtOH offspring showed 
marked cardiac changes at 12 months of age including an increased left ventricle 
internal diameter during systole. These functional changes were associated with 
altered left ventricle mRNA expression of estrogen receptor alpha, increased 
angiotensin II receptor, type 1a mRNA expression and increased gross left ventricle 
thickness in female offspring at 19 months. We further explored heart function 
utilising Langendorff ischemia reperfusion experiments at 7 months. Hearts from 
PC:EtOH female offspring had an increased end diastolic pressure at the end of 
reperfusion when compared to controls. Cumulatively, these results indicate that 
PC:EtOH has a sexually dimorphic detrimental effect on heart function in offspring 
with females developing a dilated cardiomyopathy-like phenotype. 
 
Next, this thesis investigated the effect of a high fat diet on offspring health following 
PC:EtOH. Interestingly, neither heart nor kidney function was made significantly 
worse following a HFD in combination with alcohol exposure. However, PC:ETOH 
combined with a postnatal HFD caused alterations in maximum relaxation in aortic 
rings. Finally we investigated if PC:EtOH affected food and alcohol preference in 
offspring through alterations in the central reward pathway. We found that while 
neither sex had a preference for alcohol, male offspring exposed to PC:EtOH 
exhibited an increased drive to consume HFD when offered a choice. While a 
postnatal HFD did not exacerbate the impact of the PC:EtOH on renal and cardiac 
function, the increased preference for HFD suggests PC:EtOH can alter short term 
intake of calorie dense foods. 
 
This thesis demonstrates that alcohol around the time of conception can have long 
term impacts on the function of the renal and cardiac systems in offspring. 
Furthermore, these impacts develop with age across multiple organ systems 
indicating that PC:EtOH may be accelerating disease progression. Importantly, this 
thesis highlights that females exposed to periconceptional alcohol may be more at 
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risk to renal and cardiac complications in later life, including both chronic and acute 
stressors than male offspring. These studies have significant clinical implications 
when addressing long term health problems in children who may have been exposed 
to levels of alcohol during the early period of development.   
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Chapter 1 
General Introduction 
Parts of this chapter have been published in: 
Dorey ES, Pantaleon M, Weir KA & Moritz KM. (2014). Adverse prenatal 
environment and kidney development: implications for programing of adult 
disease. Reproduction 147, R189-198. 
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Alcohol is a widely available legal drug and is used regularly in a social context 
within Australia. In 2010, it was estimated that alcohol-related problems cost the 
Australian economy $14.35 billion, with 11.7% of this money being costs to the 
health system (Manning et al, 2013). While alcohol consumption guidelines were 
changed in 2009 (NHMRC, 2009) to better inform the population of the risk, high 
levels of alcohol consumption and associated risky behaviours, particularly within the 
indigenous populations and by young people have continued (Gilligan et al., 2012; 
Nadew, 2012). In 2015-16, the apparent consumption of alcohol per capita in 
Australia has been reported to be 9.7 litres of pure alcohol per capita, slightly higher 
than 2014-15 (ABS 2017). 
Of great concern is the number of women of reproductive age who are becoming 
pregnant whilst drinking unsafe levels of alcohol (Cameron et al., 2013). Alcohol 
consumed in high doses during pregnancy is a known teratogen. Women consuming 
high levels of alcohol during pregnancy risk their child developing Fetal Alcohol 
Syndrome (FAS). It is important to note that the amount of alcohol required for the 
development of FAS varies between women and is dependent on the time of alcohol 
consumption during pregnancy. In addition to FAS, there are a range of phenotypes 
that can develop in children following alcohol exposure in utero (Riley et al., 2011). 
These outcomes may be subtle, resulting in long term vulnerability to disease in later 
life, rather than the obvious phenotypes associated with FAS. Similar long term 
disease risk has been demonstrated in response to a range of maternal 
perturbations. Studies have highlighted that not only alcohol exposure during 
pregnancy, but exposure to maternal undernutrition, or excess stress can also have 
long lasting effects on offspring health (Gray et al., 2010; MacLaughlin et al., 2010; 
O'Sullivan et al., 2013). Offspring subjected to an altered in utero environment may 
have altered physical and mental development and increased likelihood of 
developing systemic diseases such as cardiovascular disease (CVD) in adulthood.  
Traditionally, research into the outcomes of a sub-optimal intrauterine environment 
and development of cardiovascular disease has focussed on periods of maximum 
fetal growth (Fowden et al., 2006). More recently, research has begun to focus on 
the ‘periconceptional period’ which is an early developmental window that has not 
yet been intensively investigated, particularly in relation to adult CVD phenotypes. In 
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regards to alcohol, this period of development is particularly important as whilst 
many women will change their behaviours (including cessation of alcohol intake) on 
knowledge of pregnancy, it takes approximately 30 days for a woman to realise she 
is pregnant (Edwards & Werler, 2006; Ethen et al., 2009). Therefore, many women 
may be inadvertently exposing their child to alcohol before knowledge of pregnancy, 
which may have long term consequences for adult disease. 
1.1 Alcohol consumption in Australia  
In 2009, the Australian guidelines for alcohol consumption were updated to include 
advice for both the cumulative lifetime exposure and single occasion exposure. Due 
to the fact that disease risk increases in accordance with the number of drinks 
consumed over a lifetime, it is now recommended that for both men and women, no 
more than two standard drinks should be consumed on any one occasion (NHMRC, 
2009). In Australia, one standard drink contains 10 g of alcohol, but this definition is 
not universal with standard drinks in USA, UK, and Canada containing 14, 18 and 
13.45 g of alcohol respectively (Furtwaengler & de Visser, 2013). Despite clear 
Australian guidelines on the consumption of alcohol, approximately 40% of the 
Australian population reported at least one event of drinking classified as ‘risky’ in 
2014-15 (ABS, 2015). It has further been reported that the weighted daily intake of 
alcohol has increased by 13% between surveys conducted in 2001 and 2011-2012 
(Yusuf & Leeder, 2015). 
1.1.1 Drinking during pregnancy 
Alcohol consumption guidelines in 2001 recommended considering not drinking 
while pregnant, but if a woman was to drink, she should not consume in excess of 2 
standard drinks per day with a weekly total of no more than 7 per week (NHMRC 
2001, Table 1.1). While these guidelines were in use, a survey in Western Australia 
reported 81.7% of women consumed alcohol in either the 3 months prior to 
pregnancy or during pregnancy (Colvin et al., 2007). In 2009, Australia adopted an 
abstinence policy for women who were pregnant, planning to become pregnant or 
breastfeeding (NHMRC 2009, Table 1.1).  
30 
 
 Table 1.1: Comparison of recommended maximum alcohol consumption guidelines 
in Australia from 2001 to 2009 (Data from NHMRC 2001, 2009). 
  2001 2009 
Men 4 standard drinks per day, no 
more than 28 per week 
2 standard drinks per day, risk 
increases with frequency 
Women 2 standard drinks per day, no 
more than 14 per week 
2 standard drinks per day, risk 
increases with frequency 
Alcohol 
during 
pregnancy 
Consider not drinking - no more 
than 2 per day, no more than 7 
per week 
Not drinking is the safest option 
 
There are limited studies on the drinking patterns of women in Australia. For 
pregnant women, self-reporting measures of drug and alcohol intake are difficult to 
gauge due to perceived stigma. This has been shown in a study of nicotine use 
during pregnancy, validated by blood test. Half of the women who participated 
underreported smoking levels (Ford et al., 1997). With this in mind, a Western 
Australian survey reported that up to 22.5% of women drink in the first month of 
gestation, but not later in pregnancy (Ethen et al., 2009). Interestingly, it has been 
reported that women over the age of 35 are more likely to drink during pregnancy 
and women with a university degree and a high level of household income continue 
to drink after the first trimester of pregnancy (Cameron et al., 2013). More recent 
studies suggest that while women often decrease alcohol intake upon knowledge of 
pregnancy, up to 50-60% of women are consuming alcohol around the time of 
conception (McCormack et al., 2017; Pryor et al., 2017). A long term study 
evaluating pregnancies in two groups of women from the same hospital in Brisbane 
report that while the proportion of women drinking at moderate to high levels prior to 
pregnancy has increased in the past 30 years, alcohol consumption by the time of 
first antenatal clinic visit is greatly reduced (Kingsbury et al., 2017). 
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1.1.2 Consequences of alcohol consumption during pregnancy on fetal 
development and offspring health 
The effects of alcohol exposure during pregnancy were first described in France in 
1968 before being later translated into English. Observations at birth included 
craniofacial malformations, growth retardation particularly in the first years of life, 
high frequency of further birth defects including cardiac malformations and a range of 
psychomotor anomalies (Lemoine et al., 2003). Offspring born to alcoholic mothers 
were described as having ‘failure to thrive’ and further descriptions were added in 
1973 when the term FAS was first described (Jones & Smith, 1973). Fetal alcohol 
spectrum disorders (FASD) is an umbrella term referring to the range of 
consequences observed as a result of alcohol exposure during development, the 
most severe form being FAS. Currently, there is very limited diagnosis of FAS/FASD 
within Australia so exact figures for its prevalence are difficult to ascertain, however it 
is estimated to be between 0.01 and 1.7 per 1000 live births (Burns et al., 2013; 
Lange et al., 2017). A new diagnostic guide has been recently developed for use 
within Australia, so it is likely that prevalence data will soon be updated (Bower et al., 
2017). Current data however is available for remote aboriginal communities in the 
Fitzroy Valley of Western Australia, with recent prevalence of FASD in school aged 
children being reported as 194.4 per 1000 (Fitzpatrick et al., 2017). Given that the 
global prevalence is estimated to be 7.7 per 1000 (Lange et al., 2017), the numbers 
for Australian aboriginals is quite alarming. This trend of higher prevalence within 
aboriginal populations is not only occurring within Australia. In the USA and Canada 
general populations, the pooled prevalence of FASD is estimated to be 15 per 1000 
and 5 per 1000 respectively (Popova et al., 2017), however the Canadian aboriginal 
prevalence is estimated to be 86.6 per 1000. Globally, South Africa has one of the 
highest prevalence’s of FASD, with estimated rates to be 111.1 per 1000 general 
population (Lange et al., 2017). 
1.1.2.1 Fetal alcohol syndrome 
Infants suffering FAS can be identified at birth or soon after due to characteristic 
facial features including a flattened philtrum, a thin upper lip and microcephaly. In 
children with FAS the normal distribution of both head circumference and height are 
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shifted to the left, indicating slower growth trajectories (Streissguth et al., 1991). 
Intelligence quotient scores for those diagnosed with FAS in this study were shown 
to vary widely from 20 (severely retarded) to 105 (normal), with a majority of 
participants scoring an IQ of below 70, known as a cut off point for the 
developmentally disabled (Streissguth et al., 1991). This pattern of growth 
retardation has been shown to persist into young adulthood, with some evidence of 
catch up growth in only a small percentage (13%) of participants (Spohr et al., 2007).  
1.1.2.2 Fetal alcohol spectrum disorders 
Whilst FAS is the more severe implication of prenatal alcohol exposure, fetal alcohol 
effects (FAE), alcohol related birth defects (ARBD) and alcohol related 
neurodevelopmental disorders (ARND) are clinical terms that describe less severe 
phenotypes associated with fetal alcohol exposure. Studies have shown an increase 
in the incidence of behavioural changes such as increased anxiety, attention deficit 
hyperactivity disorders and depression in children at five years of age and young 
adults following prenatal alcohol exposure in utero (Brown et al., 1991; Famy et al., 
1998). These phenotypes may not always be so overt and studies have reported 
increased snacking in children and drug and alcohol abuse has been identified as a 
major secondary disability following alcohol in utero (Famy et al., 1998; Streissguth 
et al., 2004; Barr et al., 2006; Werts et al., 2014). 
Whilst the first apparent symptom following prenatal alcohol exposure is often 
craniofacial malformations and developmental delays, a suboptimal in utero 
environment has been linked to changes in other organ systems including the heart 
and kidney. These organs have been poorly studied in children exposed to prenatal 
alcohol but one study sought to investigate the heart function of subjects prenatally 
exposed to alcohol with an otherwise structurally normal heart. It was found that half 
of the participants had evidence of impaired cardiac function as measured by 
echocardiography and a smaller left ventricular diameter was reported in a quarter of 
patients during electrocardiogram and echocardiogram examinations (Krasemann & 
Klingebiel, 2007). This indicates that there can be physiological changes in the heart 
without overt structural abnormalities. A large meta-analysis has found that prenatal 
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alcohol is associated with conotruncal heart defects, particularly with d-transposition 
of the great arteries (Yang et al., 2015). 
Studies in humans have also found that alcohol exposure can alter renal function. 
Six patients diagnosed with FAS were studied for changes in kidney function. It was 
found that they had subclinical defects in the ability to adequately concentrate urine, 
as well as changes in net acid excretion in urine (Assadi, 1990). Increases in kidney 
size, though not when normalised by height, have been shown using ultrasound of 
children with fetal alcohol exposure (Taylor et al., 1994). In a series of case studies 
involving children with FAS, renal abnormalities such as horseshoe kidney, small 
and poorly functioning kidneys and hypoplastic kidneys have been reported (Qazi et 
al., 1979). While overt alterations on organ development can have catastrophic 
consequences for disease in later life, prenatal alcohol exposure may also have 
more subtle effects on long term disease risk. Indeed, even low levels of alcohol 
exposure or exposure for only a short period of pregnancy may have subtle effects 
on the development of fetal organs contributing the long term programming of adult 
disease. 
1.2 The developmental origins of health and disease 
The concept of developmental programming of adult onset disease first evolved 
through an extensive series of epidemiological studies linking a low birth weight with 
disease risk in adulthood (Barker, 2007). Early investigations, which have since been 
confirmed in a multitude of studies worldwide, found strong associations between 
low birth weight and risk of developing cardiovascular disease (CVD, Barker & 
Osmond, 1986) and metabolic diseases (Hales & Ozanne, 2003). Indeed, over the 
past 10-15 years, the list of diseases that can be programmed by stressors during 
development has been extended to include osteoporosis, kidney disease, lung 
disease and some mental illnesses (Gluckman et al., 2008). It is important to note 
that in many cases, these diseases occur concurrently.  
It is now appreciated that a low birth weight (<5.5lb), used as a surrogate marker of 
poor nutrition in utero, is not essential for programming of adult onset disease 
(Osmond et al., 1993; Moritz et al., 2009b) but rather, that outcomes are graded 
across the entire birth weight spectrum (Barker et al., 2012). Independent of growth 
in utero, early postnatal growth and adult lifestyle factors can modify disease onset 
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and progression (Eriksson et al., 1999). This is proposed to occur through alterations 
in the normal development of organs and homeostatic mechanisms leading to 
increased risk of adult disease (Barker et al., 2012). 
A number of rodent models have consequently been established to elucidate specific 
alterations caused by maternal perturbations, which include calorie/protein restriction 
(Hoppe et al., 2007; Corstius et al., 2005), maternal junk food diet (Ong & 
Muhlhausler, 2011), exposure to glucocorticoids (O'Sullivan et al., 2013; O'Sullivan 
et al., 2015), and placental insufficiency (Gallo et al., 2013). These studies have 
reported that a sub-optimal in utero environment can impair the development of 
many organs including the heart, brain and kidney that program adult onset disease. 
Indeed, it is likely that in many cases, all three organs are impaired and the 
interaction between the three result in disease. This thesis will focus on deficits in 
renal and cardiovascular function in offspring to help increase our understanding of 
the effects of alcohol exposure to peripheral organs. As such it is important to 
describe the relevance of each of these organs and relate deficits in fetal 
development to offspring disease.  
1.3 Programmed diseases 
1.3.1 Chronic kidney disease  
Defined by the National Kidney Foundation in 2002, Chronic Kidney Disease (CKD) 
refers to a period of at least 3 months with altered kidney function or damage 
(National Kidney Foundation, 2002). Along with CVD, key risk factors for CKD 
include smoking and poor nutrition. As the kidney is a major contributor to fluid and 
salt homeostasis within the body, CKD is a devastating disease, which is often fatal. 
A measure of kidney function used to define CKD into 5 stages is glomerular filtration 
rate (GFR), which can be calculated using plasma creatinine levels. Normal kidney 
function in young adults consists of a GFR of 120-130 mL/min per 1.73m2 (Levey et 
al., 2003). Stage 1 kidney damage is defined by a GFR of ≥90ml/min/1.73m2 with the 
ranges decreasing until a diagnosis of kidney failure (stage 5), referring to a GFR of 
less than 15ml/min/1.73m2 (Levey et al., 2003).  
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1.3.2 Cardiovascular disease 
CVD are diseases of the heart and blood vessels, including stroke, cardiomyopathy 
and coronary artery disease. CVD defects can be advanced due to unhealthy 
lifestyle including obesity and tobacco exposure in both adults and children (McGill et 
al., 1997; Barnoya & Glantz, 2005). In 2008 CVD was responsible for the largest 
percentage of deaths in Australia (34%) and has a huge financial burden on the 
economy, reported at $5.9 billion in 2004-2005 (AIHW, 2011). In 2003 high blood 
pressure accounted for 42% of the burden of CVD in Australia, with cardiovascular 
disease contributing almost 70% of the attributable health loss as measured by 
disability-adjusted life years (Begg et al., 2008). CVD, including coronary heart 
disease, stroke and vascular diseases, impacts 1 in 5 Australians. Of these 
conditions, coronary heart disease (CHD) is the most common cause of 
hospitalisation and effects 3.6% of all Australians (AIHW 2016). Whilst there has 
been a large decrease in mortality from CHD since the 1970’s, the decline has 
begun to decelerate in countries around the world, including Australia (Mensah et al., 
2017). CVD is a disease of the aging, with over 40% of the population diagnosed by 
the age of 65 (AIHW 2011). The disease is a much larger problem in the Australian 
aboriginal populations with over 60% having hypertension by the age of 40 years 
(Hoy et al., 2005). As Australia has an aging population, the prevalence of CVD 
within the community is an important issue. Whilst measures in recent years have 
worked to reduce the amount of CVD in the community, it still has a large socio-
economic cost and is linked to other substantial diseases such as CKD. 
1.3.3 Links between cardiovascular disease and chronic kidney disease 
Whilst both CVD and CKD are serious medical conditions on their own, the two 
regularly appear as co-morbidities. High blood pressure associated with CVD can 
damage the glomerulus where blood is filtered and lead to inadequate filtering, 
further exacerbating hypertension due to sodium retention. This process, along with 
activation of the renin-angiotensin-aldosterone system has been linked to 
hypertension in early developing CKD (VanDeVoorde & Mitsnefes, 2011). A vast 
majority of deaths linked to CKD have CVD as an underlying cause (AIHW, 2009). 
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Many of the risk factors such as obesity, diabetes, sedentary lifestyle and diets high 
in salt are the same for each condition.  
As these diseases are both major causes of death in today’s society it is important to 
understand the role of developmental programming in the aetiology of these 
diseases in order to inform the design of prevention or intervention strategies. 
1.3.4 Kidney development  
Although many animal studies vary in the timing, duration, type and severity of the 
insult to the developing fetus, a strong common finding across most of these models 
has been impairments in renal development (Moritz et al., 2008). This has led to 
speculation that impaired renal development may be a common factor contributing to 
programming of disease. During development, three distinct urinary excretory organs 
are formed: the first two, the pronephros and mesonephros are temporary organs 
that precede the formation of the permanent kidney, the metanephros. The 
metanephros commences growth around day 30 in the human when the ureteric bud 
(UB) buds off the Wolffian duct and invades the surrounding metanephric 
mesenchyme. Through branching morphogenesis the ureteric tree is formed, 
completing the scaffold for the future nephrons. Molecular signals from the ureteric 
tree cause cells of the metanephric mesenchyme to condense, and form the 
complex nephron structure (Moritz et al., 2008). This process of nephrogenesis in 
the permanent metanephric kidney is complete by ~36 weeks in the human and 
therefore, although a growth restricted infant may experience ‘catch up’ growth 
postnatally, the kidney cannot form any more nephrons. It is imperative to note that 
the timing of renal development differs amongst species with rats and mice not 
commencing development of the metanephric kidney until mid-gestation and 
nephrogenesis continuing for some days after birth (Singh et al., 2012). This should 
be taken into consideration when interpreting the findings from animal studies and 
when comparing to humans. 
1.3.4.1 Effects on nephron number and influence on disease 
A human kidney contains on average ~1 million nephrons but the range in nephron 
number in a normal human population varies considerably (Hughson et al., 2006). 
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Nephron number is most accurately determined by counting glomeruli using 
unbiased stereological methods that at the current time can only be done on kidneys 
obtained at autopsy. Although this makes it difficult to assess nephron endowment 
routinely in humans, studies have demonstrated growth restricted human infants 
have small kidneys with fewer nephrons (Hinchliffe et al., 1992). There is a strong 
association between birth weight and nephron number with ~300,000 more nephrons 
for every kg increase in birth weight (Hughson et al., 2006). This suggests in human 
babies that any sub-optimal in utero environment, which slows fetal growth may 
result in a congenital nephron deficit. Nephron endowment has been explored in the 
animal models of programming described above and as shown in Table 1.2, results 
in a nephron deficit of up to 30-40%. Consistent with a reduction in nephron 
endowment, animal studies have demonstrated alterations in molecular pathways 
that regulate renal development. Insults such as dexamethasone (Dickinson et al., 
2007; Singh et al., 2007b) or alcohol exposure (Gray et al., 2010) alter mRNA 
expression levels of factors controlling branching morphogenesis thereby suggesting 
inhibition of ureteric branching in the developing kidney.  
A low nephron number has been most strongly associated with a risk for increased 
blood pressure. Brenner and colleagues proposed some years ago that hypertension 
was directly related to glomerular number (Brenner et al., 1988) and this was 
demonstrated in a carefully controlled study where individuals with clinically 
diagnosed hypertension had approximately half the number of nephrons compared 
to a control population (Keller et al., 2003). The “Brenner hypothesis” suggests that a 
congenital nephron deficit results in an inability to maintain normal fluid and 
electrolyte balance (particularly sodium) resulting in volume expansion, glomerular 
hyperfiltration and systemic hypertension (see Figure 1.1). Animal models have 
tested aspects of this hypothesis. Late gestation ovine fetuses and young lambs 
demonstrate augmented expression of renal sodium channels following early 
gestation maternal glucocorticoid exposure (Moritz et al., 2011). Moreover, increased 
renal protein levels of the bumetanide-sensitive Na-K-2Cl cotransporter (BSC1) and 
the thiazide-sensitive Na-Cl cotransporter (TSC) have been observed in offspring 
following maternal low protein diet throughout pregnancy (Manning et al., 2002). This 
is known to result in increased sodium retention and volume expansion and be a 
contributing factor to adult onset hypertension (Figure 1.1).  It is important to note 
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that while the “Brenner hypothesis” has supported demonstrated in a variety of 
animal models, some studies following adult uni-nephrectomy due to organ donation 
do not report the same outcomes (Sommerer et al., 2004; Gossmann et al., 2005).  
The renin angiotensin system (RAS) is also implicated in some of the programming 
outcomes described above. Specifically, the RAS is often suppressed during renal 
development, potentially contributing to the nephron deficit, followed by a 
compensatory increase in activity in postnatal life (Moritz et al., 2010). Given the 
integral role of the RAS in fluid balance and blood pressure control in the adult, long 
term up-regulation of this system, combined with the low nephron endowment, 
provides a highly plausible pathway through which prenatal insults may result in 
hypertension. The reasons for this high susceptibility of the developing kidney to 
insult are not known but are likely related to the way the kidney functions in utero. 
Although the fetal kidney is functional and produces urine (Moritz et al., 2008), which 
is essential for amniotic fluid production, fetuses with renal agenesis can grow to 
term. This is because during development, much of the fetal fluid and electrolyte 
balance is controlled by the placenta. It has been suggested that when challenged 
by reduced nutrient availability, the growing fetus preferentially maintains supply to 
the brain and heart at the expense of organs such as the kidney (Barker et al., 
2012). 
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Figure 1.1: The process by which a prenatal perturbation may result in hypertension. 
The Brenner hypothesis has been suggested to be fundamental in the development 
of hypertension following a low nephron endowment due to prenatal perturbations. 
This cycle has been modified to include lifestyle factors that may potentiate the 
progression of disease. From Dorey et al., 2014. 
1.3.5 Prenatal programming of heart and vasculature leading to disease 
Heart development is a complex process that begins with a single tube and ends 
with a functional four chambered heart. The process of heart development is 
conserved across mammalian species with chamber formation occurring before birth 
in the mouse, rat and human (Bruneau, 2008; Marcela et al., 2012). In the human, a 
complete heart is present at approximately 38 days, leaving almost 8 months of 
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maturation, while the rat heart is complete at Embryonic Day (E) 16, just days before 
birth at E21 (Marcela et al., 2012). 
The cardiomyocyte, the functional cell of the heart, rapidly proliferates during 
development before switching to a period of hypertrophy, accounting for a large 
percent of the postnatal heart growth (Ahuja et al., 2007). Cardiomyocytes also 
undergo terminal differentiation, an indication of cellular maturity, leaving them 
binucleated (Soonpaa et al., 1996; Botting et al., 2012). In rats, decreased heart 
weight has been associated with decreased cardiomyocyte endowment at time of 
birth and four weeks of age respectively (Corstius et al., 2005; Lim et al., 2010). 
Prenatal perturbations such as protein restriction, vitamin D deficiency and prenatal 
alcohol have led to changes in hypertrophy, cardiomyocyte number or binucleation 
status in rat hearts, depending on the time and nature of the insult (Corstius et al., 
2005; Gezmish et al., 2010; Goh et al., 2011;Tables 1.2 and 1.3). Offspring of dams 
fed a diet deficient in vitamin D during pregnancy, had increased cardiomyocyte 
number and size at 4 weeks of age in rats, though an increase in the proportion of 
mononucleated cardiomyocytes was reported (Gezmish et al., 2010). Furthermore, 
low-dose alcohol consumption throughout pregnancy in rats has been shown to alter 
function of offspring hearts at 8 months of age, including decreased aortic flow 
(Nguyen et al., 2014). These alterations were not associated with decreased 
cardiomyocyte endowment at postnatal day 30, indicating that although disease may 
not be evident during early life, it may develop with age. 
The vasculature of the developing fetus has also been shown to be altered following 
prenatal perturbations that can have an intrinsic influence on both heart function and 
blood pressure of offspring. Prenatal exposure to alcohol (Parkington et al., 2014), 
hypoxia (Hemmings et al., 2005; Bourque et al., 2013; Walton et al., 2016b), and 
vitamin D deficiency (Tare et al., 2011) are just some of the prenatal perturbations 
shown to alter vasculature function in offspring. Prenatal alcohol exposure late in 
pregnancy in sheep has been shown to increase arterial stiffness at day 134 of 
pregnancy in the heart and kidneys of offspring (Parkington et al., 2014). 
Furthermore, coronary artery endothelial vasodilator function was also blunted and 
related to a decrease in endothelial nitric oxide synthase (Parkington et al., 2014). 
Maternal hypoxia is suggested to impair endothelial function following impaired 
response to acetylcholine (ACH) induced relaxation in vasculature from offspring at 
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12 months of age (Walton et al., 2016b). These studies suggest that prenatal 
perturbations through different stages of pregnancy can have long lasting effects on 
vascular reactivity, potentially increasing propensity of offspring to develop disease. 
1.3.6 Critical windows of development 
In the human, poor placental function or maternal under nutrition (including 
micronutrient deficiencies) are the most likely causes of growth restriction and both 
are associated with increased risk of adult disease in offspring including 
cardiovascular and metabolic disease (Elmadfa & Meyer, 2012; Barker & Thornburg, 
2013). In the last decade, fetal exposure to excess nutrients, often associated with 
maternal obesity and/or diabetes, has also been identified as a risk factor for adult 
onset disease (Ma et al., 2013). This has very important implications for the future 
health of people in Western nations where the rates of obesity are increasing 
dramatically. A major challenge is determining if the development of disease is due 
to a prenatal exposure occurring at a particular time in gestation. Epidemiological 
studies of offspring conceived/born during the Dutch Winter famine suggested that 
those born to mothers exposed to the famine during the first trimester of pregnancy 
had increased rates of obesity, altered lipid profiles, and cardiovascular disease 
(Roseboom et al., 2006). In contrast, those exposed in mid-gestation were more 
likely to develop renal dysfunction whilst exposure to the famine during late gestation 
often caused a low birth weight (Schulz, 2010). Short periods of fasting, such as for 
Ramadan, can cause alterations in maternal body composition and placental weight, 
which were dependent upon the stage of pregnancy (Alwasel et al., 2011).  
Animal models enable researchers to invoke a maternal perturbation at specific 
times of gestation to determine windows of developmental sensitivity. Protein 
restriction throughout pregnancy in the rat results in offspring that are born small, 
and develop high blood pressure (Woods et al., 2001), impaired renal function 
(Alwasel et al., 2012), glucose intolerance (Ozanne et al., 1996) and impaired fertility 
(Zambrano et al., 2005) suggesting that sustained nutritional deficits throughout 
pregnancy can elicit a wide variety of long term abnormalities (Woods et al., 2001; 
Woods et al., 2005). Short-term infusions of glucocorticoids during early or mid 
gestation culminate in hypertension in sheep (Dodic et al., 2002) and rat offspring 
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(Ortiz et al., 2003; Singh et al., 2007a). Interestingly, the outcome is highly 
dependent upon timing of exposure as the same level of glucocorticoid exposure did 
not result in hypertension when administered at other stages of development (Dodic 
et al., 1999; Ortiz et al., 2003). Models of uteroplacental insufficiency have been 
developed to explore the long-term consequences of reduced placental function in 
late gestation in the rat, which coincides with the period of rapid fetal growth. This 
procedure results in fetal growth restriction and male offspring develop elevated 
blood pressure (Wlodek et al., 2005; Wlodek et al., 2007), impaired glucose 
tolerance (Siebel et al., 2008) and vascular dysfunction (Tare et al., 2012). 
Collectively, these studies suggest that adult onset diseases such as cardiovascular 
and chronic kidney disease may follow either an acute or a chronic prenatal insult 
but outcomes may depend upon the developmental window of exposure.  
1.3.6.1 The periconceptional period 
The period immediately prior to and following conception potentially represents a 
period of exposure to a range of perturbations some of which may be modified upon 
recognition of pregnancy, a diagrammatic representation can be seen in Figure 1.2. 
For example, 22.5% of women report an episode of drinking during the first month of 
gestation but not later in pregnancy (Ethen et al., 2009) though more recently it has 
been reported that up to 60% of Australian women drink prior to pregnancy 
recognition (McCormack et al., 2017). Furthermore, many women alter their diet or 
begin taking dietary supplements when they become aware of their pregnancy 
(Elmadfa & Meyer, 2012). Use of multi-vitamins in the 3 months prior to pregnancy 
has been reported to be 25.7% of women, a figure that increases steeply to 57.9% of 
women consuming a multivitamin during pregnancy (Shand et al., 2016). These 
figures suggest a change in supplement usage upon knowledge of pregnancy. 
However, it is not only offspring born from naturally conceived pregnancies that can 
be at heightened risk disease following altered conditions around conception. 
Interestingly, studies into long term health of babies from assisted reproductive 
technologies have shown that children born following in vitro fertilisation have higher 
systolic and diastolic blood pressure, as well as higher fasting blood glucose levels 
(Ceelen et al., 2008). Together, these studies demonstrate that women alter their 
behaviour towards substances upon pregnancy recognition and that the environment 
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of the embryo during the time prior to implantation can have a lasting effect on 
offspring health. 
 
 
Figure 1.2: Alterations in consumption of key substances prior to and following 
recognition of pregnancy in Australia. Post conception (PoC). aMcCormack et al., 
2017, bFrandsen et al., 2017, cShand et al., 2016.  
1.4. Animal models of periconceptional exposure  
The only perturbation studied to any large extent during the periconceptional period 
is altered maternal nutrition with a limited number of studies in other relevant models 
such as ethanol exposure and methyl-deficient diets. The data primarily derives from 
either rodent (Watkins et al., 2008a; Watkins et al., 2008b; Watkins et al., 2010) or 
sheep models (Edwards & McMillen, 2002; MacLaughlin et al., 2007; Todd et al., 
2009; MacLaughlin et al., 2010; Lie et al., 2013a; Nicholas et al., 2013). As can be 
seen in Table 1.2, the periconceptional insult may include oocyte maturation and the 
preimplantation period.  
 1.4.1 Rodent models 
The periconceptional model utilising maternal low protein diets in the rodent allows 
insight into the different critical windows of periconceptional and preimplantation 
development by breaking the period of exposure down into key time points including 
oocyte maturation (Egg-LPD) or embryonic development (Emb-LPD) compared to a 
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low protein or control diet throughout pregnancy. Following a low protein diet around 
conception, maternal control of insulin and glucose was impaired in association with 
reduced levels of free amino acid levels in both the maternal serum and the 
blastocyst. Furthermore, changes in trophectoderm, inner cell mass and total cell 
numbers were observed (Kwong et al., 2000; Watkins et al., 2008a; Watkins et al., 
2008b; Eckert et al., 2012). These changes highlight the importance of 
understanding the environment around the time of conception and exploration of 
offspring phenotypes. Reductions in female heart and kidney weights relative to body 
weight were shown, though tended to be sexually dimorphic (Kwong et al., 2000; 
Watkins et al., 2008a; Watkins et al., 2008b). Increases in systolic blood pressure in 
offspring were demonstrated following a period of protein restriction through either 
the period of oocyte maturation (-3.5 until mating) or the preimplantation (0-3.5/4.5 
days of gestation) period in both the mouse and rat (Kwong et al., 2000; Watkins et 
al., 2008a; Watkins et al., 2008b). As can be seen in the table, these outcomes are 
similar to those following a low protein diet throughout pregnancy (Woods et al., 
2004). Preimplantation low protein diet exposure also caused attenuated vascular 
responsiveness in male offspring and changes in the renin angiotensin system 
activity in female offspring (Watkins et al., 2010).  
1.4.2 Sheep models 
Using a maternal diet containing 70% of required energy from 6 weeks prior to 
mating until day 7 of pregnancy, late gestation twin fetuses had increased blood 
pressure (Edwards & McMillen, 2002). Kidneys of fetuses of undernourished ewes 
were of a similar weight to controls at day 50 of pregnancy, though they exhibited 
increased expression of renal IGF1 and 11BHSD2 mRNA but decreased IGF1R 
(MacLaughlin & McMillen, 2007; MacLaughlin et al., 2010) suggesting renal 
development may be impacted. In late gestation (136-138 days gestation), fetuses of 
ewes that were undernourished around conception (6 days prior to mating to 6 days 
after mating)  had decreased abundance of thermogenic protein, Uncoupling Protein 
1 in the peri-renal fat (Lie et al., 2013a). Undernutrition during the preimplantation 
period increased plasma insulin levels and decreased the abundance of 
phosphorylated mTOR, which was increased following periconceptional 
undernutrition in ewes carrying twins (Lie et al., 2013a). These studies highlight that 
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changes in visceral and brown fat, evident during fetal life, may contribute to the 
development of insulin resistance in adulthood which has been found in adult sheep 
offspring following periconceptional undernutrition (Todd et al., 2009). Both 
undernutrition and overnutrition from 17 days before to 6 days after insemination 
have been shown to alter peri-renal fat pad weight and liver weight in 5 day old 
lambs (Kleemann et al., 2015). 
The impact of periconceptional vs preimplantation undernutrition has also been 
studied in the above sheep model. Changes in the expression of mRNA and miRNA 
in the livers of fetal sheep highlight the importance of the timing of exposure. To 
study periconceptional undernutrition, ewes were given a diet of 70% of control ewe 
allowance from approximately 12 weeks prior to conception until 6 days after mating, 
while preimplantation undernutrition involved ewes fed the 70% diet only from mating 
until 6 days after mating. Both periconceptional and preimplantation undernutrition 
have been shown to alter the abundance of factors involved with fatty acid β-
oxidation in the livers from fetal sheep that was not associated with decreased fetal 
or liver weight but was associated with altered miRNA expression (Lie et al., 2014, 
2016). miRNA alterations have also been reported in the fetal skeletal muscle using 
the same dietary model with results again similar between preimplantation and 
periconceptional dietary manipulation (Lie et al., 2015). These studies highlight that 
while the whole periconceptional period is of importance, similar outcomes are 
demonstrated when only the embryo is exposed to a nutritional deficit.  
Altered maternal nutrition around conception in obese mothers has also been 
explored, which is of clinical relevance as obese women are advised to lose weight 
to improve the chances of becoming pregnant. Overnutrition (170-190% MER) to 
induce obesity was followed by a period of restricted nutrition (70% MER) around 
conception in an ovine model. All embryos were then transferred into control ewes 
for the remainder of pregnancy. Increased total fat was found in female offspring at 4 
months of age following an environment of overnutrition without restriction, while this 
was ameliorated by a period of restriction (Rattanatray et al., 2010). An increased 
responsiveness to stress was shown in female lambs, whilst both male and female 
lambs showed increases in adrenal weight and as well as changes in methylation 
patterns following a period of restriction during the periconceptional period (Zhang et 
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al., 2010). Evidence of epigenetic changes in the insulin signalling pathway, involving 
hepatic micro RNA’s have been found in fetuses of overweight ewes and ewes that 
undergo a period of restriction. Hepatic miR-29b, miR-107 and miR-103 were 
upregulated in overweight ewes, though following restriction, only the change in miR-
103 persisted (Nicholas et al., 2013). The studies discussed in this section highlight 
the strong epigenetic changes that are being shown through dietary manipulation of 
this key critical window of development. 
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Table 1.2: Morphological, gene and functional changes to the kidney and heart following in utero perturbations at different times 
during development (Modified from Dorey et al., 2014). 
 
Time Breed Maternal insult 
Renal and heart 
Morphological 
changes 
Kidney and/or Heart Gene 
Changes 
Kidney function, Heart function, blood 
pressure and metabolic changes 
References 
P
er
ic
o
n
ce
p
ti
o
n
al
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er
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ti
o
n
al
/ 
o
o
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te
 m
at
u
ra
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o
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E0 to E4.25 Rat Low protein diet     ↑ M SBP. Kwong et al., 2000 
E-3.5 to E0 
Mouse Low protein diet ↑ F NN (28.1%) 
M not reported 
  ↑ M SBP. 
↑ F SBP from 21 weeks. Vasodilation 
attenuated.  
↓ F kidney:BW ratio. 
Watkins et al., 2008b 
E0 to E3.5 
(Emb-LPD) 
or E0-term 
(LPD) 
Mouse Low protein diet     ↑ SBP (Emb-LPD & LPD).  
↓ F heart size (Emb-LPD & LPD). M 
attenuated vascular responses (Emb-LP & 
LPD ).  
↑ ACE activity. 
Watkins et al., 2010; 
Watkins et al., 2008a; 
MacLaughlin et al., 
2010 
E-6 weeks 
to E7 
Sheep 70% of control 
diet 
  ↑ IGF1 mRNA. ↓IGF1R mRNA.  
↑ 11bHSD2 mRNA.  
Inverse relationship between fetal kidney 
weight and maternal weight loss. 
MacLaughlin et al., 
2010  
E-60 to E7 
Sheep 70% of energy 
requirements 
    ↑Fetal BP in twins but not singletons. 
 Normal responsiveness to Ang II infusion. 
Edwards & McMillen, 
2002 
E-8 weeks 
to E6 
Sheep Methyl-deficient 
diet 
    ↑ M BP.  
Methylation changes. 
 M Insulin resistance.  
Sinclair et al., 2007 
Ea
rl
y-
m
id
 g
es
ta
ti
o
n
 
E0- E65  
Sheep Protein restricted ↓NN  
↑ GV 
↑ Apoptosis and ↓ in VEGFA 
protein.  
↓ M angiogenic markers. 
↑ Urinary albumin:creatinine ratio. Lloyd et al., 2012 
E26-E28  
Sheep Dexamethasone 
(DEX) or cortisol 
(CORT) 
↓DEX(25%), 
CORT(40%) 
↑ GV 
↑ Subunits of ENaC and Na
+
-
K
+
-ATPase ↑ fetal renal 
AT1and AT2 mRNA. 
Fetus: Altered renal response to 
angiotensin II.  
Offspring: ↑ MAP.  
Dodic et al., 2002; 
Moritz et al., 2011 
E14-E15 
Rat Corticosterone ↓ M (21%), F 
(19%).  
↑ mean GV and 
corpuscle 
volumes 
↑ Fetal/postnatal AT1Ra and 
AT2R expression.  
↓ Fetal and ↑ postnatal 
AT1Rb expression. 
↑ MAP. Singh et al., 2007a 
E12.5 for 
60h 
Mouse Dexamethasone ↓ NN(25%) 
↔ CMN 
↑AT1aR, BAX and IGF-1 mRNA 
(Cardiac) 
↑BP O'Sullivan et al., 2013 
48 
 
E12.5 for 
60h 
Mouse Corticosterone ↓NN ↑ F Bax mRNA (renal) 
↓M Ren1 and Agtr1a mRNA 
↑urinary albumin/creatinine ratio  
↑ 24-hr albumin excretion 
↓M MAP 
O'Sullivan et al., 2015 
E23-26 –
term is 39 
days 
Spiny 
Mouse 
Dexamethasone ↓NN. 
↑GV and 
corpuscle 
volume. 
↑ BMP4, TGF-β1, gremlin and 
Bax 
↑M HR for 24hr post-surgery. Dickinson et al., 2007  
La
te
 g
es
ta
ti
o
n
 
E18-term 
Rat Uteroplacental 
insufficiency 
(Res) and 
reduced litter size 
(Red) 
↓ Red (36%), 
Rest (27%)  
  ↑ SBP Red at 9 weeks and Red and Rest 
at 22 weeks.  
Wlodek et al., 2008 
Second half 
gestation 
Rat Undernutrition 
(50% normal 
intake) 
↑ HW/BW 
(males at 21 
days; both sexes 
22months) 
Alterations to antioxidant 
enzymes 
↑ BP males at 6 months 
↓Ejection fraction 
Rodriguez-Rodriguez 
et al., 2017 
A
ll 
o
f 
ge
st
at
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n
 a
n
d
/ 
o
r 
p
o
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n
at
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E0-term 
Rat Low protein diet ↓ M NN (25%),  
↑ M GV  
↓ M renin. ↑ M MAP. 
↓ GFR normalised to kidney weight.  
↓ M kidney:BW ratio. 
↔ F MAP & GFR. 
Woods et al., 2001; 
Woods et al., 2005 
Various 
time points 
Rat Dexamethasone ↓NN Dex Days 
15-16 and 17-18 
 ↑ F SBP at 3 months 
↑ M SBP at 6 months 
Ortiz et al., 2003 
E-2 weeks-
lactation-
postnatal 
Rat Low protein diet ↓ M NN (31%) 
↓ GV and 
corpuscle 
volume 
  ↓ MAP. 
 ↑GFR in LP offspring particularly under 
high salt challenge diet. 
Hoppe et al., 2007 
E-2 weeks-
birth 
Rat Low protein diet 
(IUGR) 
↓ Heart weight 
and BW at birth 
↓CMN 
  Corstius et al., 2005 
E-6weeks 
to 4weeks 
Rat Vitamin D 
deficiency 
↑Left ventricle 
volume 
↑CMN and size 
  Gezmish et al., 2010 
Legend: Male (M), Female (F), Systolic blood pressure (SBP), Mean arterial pressure (MAP), Blood pressure (BP), Heart rate (HR), Glomerular filtration rate (GFR), Cardiomyocyte number 
(CMN), Nephron number (NN) and glomerular volume (GV) 
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1.4.3 Animal models of alcohol exposure in pregnancy 
Animal studies have sought to explore the consequences of developmental alcohol 
exposure on the heart and kidneys. As can be seen from Table 1.3, marked 
developmental and physiological effects of alcohol exposure at various times 
throughout gestation have been reported. There is a paucity in the research as to the 
consequences of alcohol exposure to various organs during the periconceptional 
period.  
Reduction in birth weight, a key marker for an adverse in utero environment has also 
been shown following alcohol exposure late in gestation in the sheep and both 
throughout gestation and during the periconceptional period in the rat (Assadi et al., 
1991; Gray et al., 2010; Gardebjer et al., 2014). In addition to this, decreased 
nephron endowment, a marker of altered renal development has been found in 
models of prenatal alcohol exposure (Gray et al., 2008; Gray et al., 2010), as well as 
changes in urine output, electrolyte excretion and kidney weight (Knee et al., 2004). 
These changes suggest that not only the development of the kidney is altered, but 
the kidneys ability to maintain electrolyte homeostasis is also decreased following in 
utero perturbations. The direct impacts of alcohol on the developing kidney have 
been shown in vitro to cause reduced nephron branching (Gray et al., 2010) and this 
may occur in part due to the actions of retinoic acid (Gray et al., 2012). In a binge 
model of prenatal alcohol exposure, the nephron deficit was associated with 
increased systolic blood pressure and alterations in renal function in adult rat 
offspring (Gray et al., 2010). As with the kidney, changes in cardiac development 
and function have also been found following prenatal alcohol exposure. An increase 
in the number of binucleated cardiomyocytes and an increase in relative left 
ventricular wall thickness has been reported, as well as changes to maximum 
velocity of papillary muscles, altered Ca2+ levels and apoptosis in myocytes of sheep 
and rats (Ren et al., 2002; Goh et al., 2011).  
Studies have begun to explore changes to the environment of early embryos, and 
recently have begun to research the consequences of alcohol during this period. 
Using an in vitro model of alcohol exposure using murine trophoblast stem cells (TS), 
it has been shown that direct alcohol exposure decreases TS number over a period 
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of 6 days (Kalisch-Smith et al., 2016). Periconceptional alcohol exposure that 
decreased viability, resulted in changes in embryonic E- and N-cadherin expression 
and slowed development of embryos (Coll et al., 2011). Furthermore, it has been 
shown to cause fetal growth restriction associated with glycogen accumulation in the 
placenta (Gardebjer et al., 2014). When these animals were aged, they developed 
metabolic dysfunction including glucose intolerance and insulin insensitivity 
(Gardebjer et al., 2015). So far this reseach has not included the physiological 
ramifications of very early gestation alcohol exposure to the renal and cardiovascular 
systems. This thesis aims to fill this gap in knowledge of the outcomes of alcohol in 
the periconceptional period on renal and cardiovasculr phyisiology. Given the 
amount of women unwittingly exposing an early pregnancy to alcohol, it is important 
to understand the effect of alcohol exposure during the periconceptional period of 
development on physiology later in life. 
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Table 1.3: The effects of alcohol during gestation on heart and renal development and function. 
Mode and dose 
of administration 
Species Time of exposure 
Organ 
studied 
Morphological changes Genetic changes Functional changes References 
Ad Libitum 
35% EDC 
Rat E6-Birth Kidney ↓BW  Changes in electrolyte 
excretion, Changed 
response to Zero Na diet 
or K loading. 
Assadi et al., 
1991 
Infusion 
0.75g/kg 1hr/day 
Sheep E95-133 (PM134) Heart ↑Heart:BW,  
↓ % Mononucleated CM 
↑ % Binucleated CM  
↑ Cross-sectional area of 
ventricular CM 
↑ IGF-1, caspase 3 
mRNA. 
 Goh et al., 
2011 
Infusion 
0.75g/kg 1hr/day 
Sheep E95-133 (PM134) Kidney ↓ NN (11%)   Gray et al., 
2008 
Oral gavage 
1g/kg 
Rat E13.5 and E14.5 Kidney and 
Heart 
↓BW at PN2 and PN30, ↓(M) 
Kidney weight  
↓(F) Heart weight 
↑(F) Relative kidney weight ↓ 
NN ↑ GV, 
↓ Expression of 
GDNF, FGF7, Wnt11, 
TFFB2, TGFB3 at 
E15.5. 
↑SBP 
 ↑(M) GRF and ERBF  
↓ (F) GFR and ERBF, 
Gray et al., 
2010 
Liquid diet 
35% EDC 
Rat E7-E22 Kidney ↑ Water intake and Urine 
output 
  Knee et al., 
2004 
Liquid diet 
6g/kg/day 
Rat GD8-GD20 Heart/CM ↓Heart weight, 
wider papillary muscle 
myocardium 
promotion of postnatal 
apoptosis 
 ↓ max contraction and 
relaxation velocity, 
shortened contraction, ↑ 
intracellular Ca2+ levels 
Ren et al., 
2002 
Egg water 
0.5% v/v 
Zebra fish 54 or 72 hr post 
fertilisation 
Heart ↑ Heart volume,  
↓ ventricle wall thickness 
  Dlugos & 
Rabin, 2010 
Injection 
100µl 
Chicken 
egg 
Day 3 of incubation Heart ↓Cell viability ↓Protein content of 
CM 
 Memon & 
Pratten, 2009 
Liquid Diet 
5%v/v 
Rat Whole of 
pregnancy 
Heart ↑Collagen  Decreased aortic blood 
flow, hypertrophied LV 
Nguyen et 
al., 2014 
Legend: Male (M), Female (F), Cardiomyocytes (CM), Nephron number (NN), Glomerular volume (GV), embryonic (E), Post 
mortem (PM), Left ventricle (LV), Ethanol derived calories (EDC), Effective renal blood flow (ERBF). 
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1.5 The second hit hypothesis 
It should be noted that organ deficits or low birthweight in isolation do not always 
result in disease outcomes suggesting other factors may contribute to disease 
susceptibility. Indeed, many children born with one kidney (unilateral renal agenesis) 
or that have one removed in early life (thereby removing half the nephrons), do not 
develop overt hypertension (Lankadeva et al., 2014). Increases in blood pressure 
can also be dissociated from nephron deficits in some animal models of 
glucocorticoid exposure (Ortiz et al., 2003) and in spontaneously hypertensive rats 
(Black et al., 2004). Whilst the prenatal perturbation increases the risk of dysfunction, 
disease does not occur in all individuals and outcomes are dependent upon factors 
such as the sex of the offspring (males in general being more susceptible than 
females), age (elevated blood pressure may only develop with age) and postnatal 
lifestyle. The inclusion of a secondary insult or ‘second hit’ to exacerbate an 
underlying phenotype is commonly used in the field as a way to mimic postnatal 
lifestyle factors in a human population that may exacerbate underlying 
predispositions. For example, following uteroplacental insufficiency in rats, female 
offspring do not develop overt signs of dysfunction however with aging or during 
pregnancy (Gallo et al., 2013); renal and metabolic dysfunction is unmasked. 
Similarly, offspring from dams exposed to protein restriction, during pregnancy were 
more vulnerable to secondary renal insult from advanced glycation products 
(Zimanyi et al., 2006).  
 
Given the varying severity of perturbations that depend on the timing and stimulus 
imposed, it is often the case that an underlying phenotype programmed in utero is 
not noticed until the presence of a secondary stressor. This stressor can occur in 
many forms including dietary changes (such as a diet high in salt or fat) or a 
physiological stress (such as a period of restraint or a period of dehydration. Given 
the current concern around consumption of an obesogenic diet in Western societies, 
‘second hits’ involving exposing offspring to a poor diet are becoming a well-
researched area in the animal models of fetal programming.  
Following induction of maternal diabetes in rats, decreased renal function and a 
significant increase in systolic blood pressure in progeny developed following 7 days 
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of sodium rich (3%) food (Nehiri et al., 2008). Models of intrauterine stress causing a 
decrease in nephron number have been shown to lead to salt-sensitive hypertension 
and albuminuria in offspring (Sanders et al., 2005). Following maternal hypoxia from 
mid gestation, and combined with a postnatal diet high in salt, significant stiffening of 
the mesenteric arteries has been reported (Walton et al., 2016b). While a postnatal 
diet high in salt has been shown in various models, research is now highlighting the 
outcomes of diets high in sugar that increase adiposity in offspring exposed to a 
maternal low protein diet (Cervantes-Rodriguez et al., 2014). Diets high in salt and 
sugar are common in western communities as are diets high in fat. Increased 
incidence of fatty liver (Su et al., 2013; Gardebjer et al., 2017), cardiovascular 
pathology (Rueda-Clausen et al., 2012), adrenal sensitivity (He et al., 2017) and 
metabolic syndrome (Rueda-Clausen et al., 2011) have all been demonstrated with a 
prenatal perturbation in combination with a postnatal diet high in fat. 
Following maternal hypoxia of 10±1% oxygen from day 7 of pregnancy, rat offspring 
fed a high fat diet had increased plasma triglycerides, altered response to a glucose 
tolerance test and more severe non-alcoholic fatty liver disease (Su et al., 2013). 
Similarly using a rat model of maternal hypoxia (11.5% oxygen), a postnatal diet high 
in fat was shown to increase relative intra-abdominal fat deposition, plasma insulin 
and glucose response to a glucose tolerance test when compared to control high fat 
fed offspring (Rueda-Clausen et al., 2011). Recently, a postnatal western diet 
following periconceptional ethanol exposure has been shown to exacerbate glucose 
intolerance, insulin sensitivity and obesity in rat offspring (Gardebjer et al., 2015; 
Gardebjer et al., 2017). Other studies have discussed the addition of a ‘second hit’ 
on disease progression of the kidney and heart, but the combination of 
periconceptional alcohol exposure and a postnatal ‘second hit’ such as a high fat diet 
on these organs is yet to be explored. 
1.5.1 Obesity and heart and kidney health 
 Obesity in Australia is reaching epidemic proportions with an estimated 63% of 
Australian adults and 27% of children aged 5 to 17 being overweight or obese 
(AIHW, 2016; ABS 2015). Increasing adiposity is now of epidemic proportions in 
most western and developing countries with Australia now having the fifth most 
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number of overweight people per capita worldwide (AIHW, 2016). Increased 
adiposity is linked to increased fat deposition within arteries and increased risk of 
mortality from CVD and CKD. 
The increase in the level of obesity worldwide has led to an increase in obesity-
related glomerulopathy in people with a BMI of ≥30 kg/m2 and is associated with 
oxidative stress and loss of functional nephrons (Xu et al., 2017). These obesity 
related renal deficits are closely related to impaired vascular function, which is linked 
to alterations in both endothelium dependent and independent mechanisms (Gu & 
Xu, 2013). While obesity is an independent risk factor for chronic disease, it may 
also unmask chronic disease in those with an underlying predisposition. This can be 
highlighted by the fact that obesity in adult life increases renal disease in those born 
with a congenital nephron deficit (Praga, 2005). Renal disease, vascular dysfunction 
and obesity can all increase morbidity when alone, but are particularly more 
problematic when occurring in the same individual. 
The link between prenatal perturbations and exacerbation of disease by obesity has 
lead researchers to try to understand how central reward pathways may be altered in 
offspring. Altering reward pathways such as the dopamine mesolimbic reward 
pathway may lead to alterations in food and substance intake and the potential 
exacerbation of pathologies. 
1.6 Prenatal alcohol and the reward pathway 
The increased propensity towards addictive behaviours following ethanol exposure is 
thought to be a result of altered gene expression within the mesolimbic reward 
pathway, altering behaviours associated with pleasant stimuli. This pathway involves 
the activation of dopamine signalling in limbic regions of the brain, including the 
ventral tegmental area (VTA) and the nucleus accumbens (NAc). In a study that 
compared three doses of alcohol exposure at the end of pregnancy in rats, 
researchers found a concentration dependent decrease in expression of the µ-opioid 
receptor in the NAc (Bordner & Deak, 2015). However, in rats exposed to alcohol 
late in pregnancy, enhanced relative µ-opioid receptor expression in the VTA of 
offspring has been reported (Fabio et al., 2015). Pituitary levels of dopamine D2 
receptor have been shown to be decreased following gestational alcohol exposure 
indicating the ability of the dopamine system to be altered prenatally (Gangisetty et 
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al., 2015). In addition to alcohol, the mesolimbic reward pathway also regulates the 
preference for other substances, including palatable foods, raising the possibility that 
prenatal ethanol exposure could also influence the propensity of the offspring 
towards other addictive behaviours. Furthermore, exposure to a cafeteria diet in 
utero has previously been shown to result in decreased µ-opioid receptor expression 
in the VTA of both male and female offspring (Gugusheff et al., 2013), which was 
associated with a heightened preference for fat intake in offspring from weaning to 3 
months of age (Ong & Muhlhausler, 2011). Taken together, these studies 
demonstrate that both food and alcohol preference can be programmed prenatally 
and that the mesolimbic reward pathway is implicated in both instances. However, it 
is not known if similar outcomes are programmed if the exposure occurs only around 
the time of conception. 
One facet of behaviour that has been linked to alcohol exposure during gestation is 
the propensity towards addictive behaviours, including alcohol addiction. In humans, 
if a mother consumed alcohol during early pregnancy her children were four times 
more likely to develop an alcohol dependence issue by age 21 (Alati et al., 2006). 
Prenatal alcohol exposure has also been associated with a greater perceived 
pleasantness of alcohol odour in young adults (Hannigan et al., 2015). Similarly, in 
rodents, exposure to alcohol towards the end of gestation (gestational days 17-20) 
resulted in an increase in operant self-administration of alcohol in 5 day old pups 
(Miranda-Morales et al., 2014) and increased preference for ingestion of alcohol in 
adolescence (Fabio et al., 2015).  
1.7 Rationale 
The Australian National Health and Medical Research Councils guidelines for 
drinking during pregnancy currently state “For women who are pregnant or planning 
a pregnancy, not drinking is the safest option (NHMRC, 2009)”. Considering that 
almost half of pregnancies are unplanned, and the time it takes for pregnancy to be 
detected is approximately 30 days, understanding the outcomes of ethanol exposure 
during this periconceptional period on long term disease is highly important. There is 
a paucity of information exploring the effects of alcohol exposure during this period 
on lifelong development of disease.  
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The research undertaken as part of this PhD thesis aimed to gain an in depth 
understanding of the effects of periconceptional alcohol intake on the development of 
later life cardiovascular and renal disease and associated pathologies. The effects of 
periconceptional alcohol exposure on the developing heart and kidney may not be 
immediately observable, but may be highlighted with age and postnatal diet. With the 
incidence of cardiovascular and renal disease being a large cost to the Australian 
economy, as well as being a major cause of death, understanding the development 
of these diseases is crucial.  
1.8 Overall aims 
To investigate the effect of periconceptional ethanol exposure on the development of 
renal and cardiovascular disease later in life and to investigate if disease phenotypes 
can be exacerbated by a high fat diet. 
1.9 Overall hypotheses 
1. That periconceptional ethanol exposure would negatively impact kidney 
development, culminating in altered kidney function in later life. 
2. That periconceptional ethanol exposure would cause functional deficits in the 
hearts of offspring both in vivo and in an ex vivo heart preparation. 
3. That a postnatal high-fat high-cholesterol diet would exacerbate any 
pathophysiology following periconceptional ethanol exposure found in the 
kidney and heart. 
4. Offspring exposed to alcohol during the periconceptional period would exhibit 
a greater preference for alcohol and a high fat diet, and that these behaviours 
will be associated with alterations to the mesolimbic reward pathway. 
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Chapter 2  
General methods 
 58 
 
This chapter outlines the general methods used throughout this thesis. These 
methodologies are used in multiple studies and/or are included to provide additional 
details for specific studies. Methodologies for specific experiments are included in 
the appropriate chapter. Details such as sample size can be found within each 
relevant chapter.  
2.1 Animals and Treatment 
2.1.1 Statement of ethics 
All experiments conducted within this thesis were carried out under approval by the 
University of Queensland Anatomic Bioscience Animal Ethics Committee 
(SBS/022/12/NHMRC) and (SBMS/467/14/NHMRC). 
2.1.2 Dam treatments 
Sprague Dawley rats were obtained from the animal resource centre (ARC, Perth 
Western Australia) and maintained under standard animal housing conditions (22°C) 
with a 12 hr shifted light cycle (12:00am lights on, 12:00pm lights off) for a minimum 
of one week prior to the commencement of animal treatment. To assess the impact 
of alcohol exposure on offspring outcomes, a specially formulated ethanol diet was 
optimised prior to the commencement of this thesis (Gardebjer et al., 2014). Before 
being allocated to the treatment protocol, each animal underwent an overnight liquid 
diet trial. Female virgin rats (>230g) were individually placed in a cage with access to 
the control liquid diet from 12 pm until 9am the next morning. If animals consumed 
the diet, without losing weight, they were deemed ready for use in this study. Vaginal 
impedance was measured daily with an EC40 estrous cycle monitor (Fine Science 
Tools, Foster City CA, USA). When a reading of >4.5x 103Ω was achieved, the 
animal was allocated to the experimental protocol and marked as embryonic day (E) 
-4. Rats have an estrous cycle of 4 days, and a vaginal impendence reading over 
4.5x 103Ω indicates that the female rat is in oestrus. This reading is also suggestive 
of oestrus occurring in 4 days’ time. At this point, chow was removed from cages and 
rats were randomly assigned to Control or PC:EtOH treatment groups. Rats were 
weighed daily and given ad libitum access to the liquid diet +/- 12.5% EtOH daily 
from 12pm. Diet remained with the animals until 9am the next morning with diet 
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being weighed at 12pm, 5pm and 9am. From 9am each day, rats were given access 
to water on their cages before fresh diets were replaced at 12pm. After four days on 
the diet (At E0), impedance was checked and if >4.5x 103Ω as predicted based on 
the previous measurement, dams were placed in a mating cage with a male. 
Successful mating was recorded if seminal plugs were found at either 5pm on the 
same day or 9am the following day. If no plug was present, then the female was 
removed from the study. Pregnancy females were then moved back to individual 
cages and diets were continued until E4. Dams were then placed back onto standard 
rat chow and water, weighed each day and either underwent a post-mortem at E20 
to collect fetal tissues (Control n=9, PC:EtOH n=11) or allowed to litter down 
naturally for offspring studies (Control n=20, PC:EtOH n=21). PC:EtOH did not alter 
litter size, however dams treated with PC:EtOH had higher rates of pregnancies with 
at least one unviable fetus (Gardebjer et al., 2014). Animals used for the offspring 
studies were allowed to mate for up to two consecutive nights before being removed 
from the study. 
2.1.3 Offspring analysis 
Various experiments were conducted throughout life on offspring following PC:EtOH. 
A timeline outlining these experiments can be found in Figure 2.1, with detailed 
methods following. Offspring physiology was studied at various times throughout life 
to give a detailed view of how age impacted physiology. Similarly, tissue was 
collected at various ages from a subset of animals at each age to allow for molecular 
analysis.  
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Figure 2.1: Timeline of offspring studies conducted. Embryonic day (E), postnatal 
day (PN). 
2.1.4 Postnatal offspring studies 
Offspring were weighed daily from PN2 until postnatal day 30 (PN30). Offspring were 
toe clipped at PN6-10 and weaned onto standard chow at PN28 with 3-4 littermates 
of the same sex per cage. Offspring were then weighed weekly until post-mortem 
tissue collection. At 3 months of age, a subset of offspring from 24 litters  
Control=12; PC:EtOH n=12) litters were assigned to a western diet (HFD; 22% fat, 
0.15% Cholesterol Semi-Pure rodent diet; SF00-219, Specialty feeds, WA) that was 
consumed ad libitum. The remaining offspring were maintained on a standard chow 
diet until post-mortem tissue collection. Select nutritional information for HFD and 
standard chow provided in appendix 1. 
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2.2 Physiological measurements 
2.2.1 Renal function experiments 
At 6, 12 and 19 months of age, offspring underwent a renal function experiment 
using metabolic cages (Tecniplast, Buguggiate, Italy) to allow for measurement of 
food and water intake, as well as urinary output. These ages were chosen to allow 
the impact of age on renal function to be observed. Rats were habituated by placing 
them in the cage for a period of 2-3 hr at least 24hr prior to the first experimental 
session. On commencement of the test period, rats were weighed and placed inside 
metabolic cage. Food was weighed and placed in the attached hopper, and the 
water bottle was filled and weighed before being attached to cage. The shape of the 
cage allowed urine to be funnelled into a suitable collection chamber without 
contamination by large pieces of food, water or faeces. Rats were housed in the 
cages for a period of 24hr. At conclusion of the experiment, the rat, food and water 
were all weighed, and volume of urine recorded. A sample of urine was retained and 
frozen, and prior to analysis was centrifuged at 3000rpm for 1 min to remove any 
small remnants of food. At 19 months of age a tail tip was performed following the 
metabolic cage analysis and plasma stored at -80°C for hormone analysis. 
2.2.2 Water deprivation study 
To investigate urine concentrating ability, rats were subjected to a water deprivation 
challenge at 6 and 12 months of life. These experiments were performed 48 hr after 
basal urine function experiments. During this experiment, rats were not offered water 
for the 24hr period within the metabolic cage. On completion of the study, rat weight 
and food were measured and volume of urine recorded and a sample frozen for later 
analysis. A sample of blood was collected from via the tail tip at the end of the 24hr 
period and stored in heparin or EDTA treated tubes to be used for analysis of plasma 
osmolality, hormone levels and electrolyte concentrations. Whole blood was placed 
in a centrifuge for 10 min at 3000rpm to separate plasma from the haematocrit. The 
plasma was removed and stored at -80°C for later analysis.  
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2.2.3 Blood pressure measurement by radiotelemetry  
Radiotelemetry was performed to assess blood pressure and heart rate in freely 
moving animals using a commercially available system (DSI, St Paul, USA). At 12-13 
months of age, rats were anesthetised using Isofluorane. Anaesthesia was induced 
by 5% Isofluorane in an induction chamber and then maintained at 2-3% in 100% 
oxygen via a nose cone. Rats were laid supine on a heated pad before the ventral 
surface of the left hind limb was shaved and cleaned with ethanol and betadine. 
Upon confirmation of reflex abolishment, a 2cm incision was made immediately 
below the inguinal ligament after the first branches of the femoral artery. This 
allowed access to dissect away the femoral artery. Care was taken not to damage 
the femoral vein or surrounding structures. Lignocaine was applied to the femoral 
artery to induce maximal vasodilation, a mini-bulldog clip was used to temporarily 
occlude flow at the most proximal end of the incision to allow the cannula from the 
telemeter (PA-C40, DSI, St Paul, USA) to be inserted. Three sutures (6/0 silk) were 
then placed under the vessel. Two were loosely tied and the third moved to the distal 
end of the incision to permanently occlude the vessel and aid anchoring of the vessel 
for the remainder of the surgery. Following maximal dilation, an incision was made 
into the femoral artery using a modified 23 Gauge needle to allow cannulation in the 
artery distal to the two loosely tied sutures. The cannula was advanced until in 
contact with the bulldog clip and the loose sutures tightened but not secured. Whilst 
holding the probe cannula in place, the bulldog clip was carefully removed, allowing 
the cannula to be passed up the femoral artery to the descending aorta. The cannula 
was then secured by tightening and fastening of the two sutures. The position of the 
telemetry cannula was confirmed using an AM radio that was able to pick up 
pulsatile sounds from the connected radio transmitter if the cannula was in the 
correct placement within the artery. The telemeter transmitter was then switched off 
using a magnet.  
An incision was made in the left flank of the rat and a subcutaneous pocket was 
made underneath the skin to allow for the transmitter. The transmitter was secured in 
place with a small amount of tissue glue to limit movement. Intra-dermal sutures 
were used to close the incision using a 4/0 dissolvable synthetic monofilament suture 
(Monoplus C Violet 4/0, B.Braun, Philippines) to decrease wound irritation, before 
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the wound was secured using 3MTM VetbondTM Tissue Adhesive (3M, USA). 
Following closure of the incision, local analgesia (Emla cream 5%, AstraZeneca, 
Cambridge, UK) was applied and systemic analgesia was administered in a 
subcutaneous saline bolus to aid recovery from anaesthetic. Rats were then placed 
into individual cages, applied with heat and were monitored until fully awake. 
This surgical technique required a great deal of optimisation and individualised 
recovery programs were used for each rat depending on the speed of recovery. 
Each rat was monitored hourly for the first 4 hr after surgery and twice daily for 10 
days, with animal monitoring sheets being completed. At this point the probe was 
turned back on and the animal only used if the probe continued to work effectively 
and the animal had recovered appropriately. Each rat was housed individually in a 
cage located on a PhysioTel-Receiver (Model # RPC-1, DSI, St Paul, USA). 
Receiver pads were connected to a computer and real time measurement of data 
was recorded using Dataquest ART (Version 4.2, DSI, St Paul, USA) for a period of 
3 light and dark cycles (72 hr).  
2.2.4 Measurement of heart function by Langendorff reperfusion 
A Langendorff reverse perfusion rig was assembled with perfusion maintained at 
80mmHg. Following a large amount of optimisation and adjustment of the apparatus, 
offspring from 17 litters (Control litters n=8, PC:EtOH litters n=9; n=14-18 per sex, 
per treatment group) between 5-7 months were anesthetised with a mix of ketamine 
(10mg/100g) and xylazine (1.6mg/100g) until non-responsive. The heart was excised 
and placed in ice cold buffer (modified Krebs-Henseleit buffer; 119mM NaCl, 11 mM 
Glucose, 22mMNaHCO3, 4.7mMKCl, 1.2mM MgCl, 1.2 mM KH2PO4, 0.5mM EDTA, 
1.85mM CaCl). The aorta was then cannulated to allow retrograde perfusion into the 
heart using a Langendorff perfusion apparatus. Buffer temperatures were maintained 
at 37-37.4 °C throughout the apparatus that was constantly bubbled with O2-CO2 
(5%CO2 in O2). The left atrial appendage was removed allowing a water filled balloon 
attached to a pressure sensor to be inserted into the left ventricle for data collection. 
The heart was then immersed in buffer within a water jacket temperature regulated 
water bath. Two sets of experiments were performed using the Langendorff system. 
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2.2.4.1 Reactive hyperaemia and pressure volume 
At five months of age, a subset of hearts (n=7-9 per sex per group) underwent 
assessment of reactive hyperaemia followed by examination of the pressure volume 
relationships. Systolic pressure (SP) was set at 0mmHg preceding a 20 min 
equilibration period. Following equilibration, flow was stopped, inducing global 
ischemia for 30 seconds, before flow was returned for 5 min. Following 5 min 
reperfusion, flow was occluded for 60 seconds before being re-perfused. These 
experiments allowed analysis of how the heart and associated vasculature 
responded to brief periods of global ischemia, allowing analysis of vascular 
responsiveness. 
To examine the pressure volume relationship, once baseline flow had returned to 
baseline following the reactive hyperaemia experiment, the heart was paced at 
300BPM, the balloon was adjusted to SP<0 and the heart was equilibrated for 15 
min. A glass Hamilton syringe was used to increase the volume incrementally within 
the balloon every 2 min. The first 7 increments were 10.1µl, followed by increments 
of 20.2µl until the end diastolic pressure (EDP) reached 25mmHg. These 
experiments allowed exploration of the hearts response to increases in volume within 
the left ventricle. 
2.2.4.2 Ischemia reperfusion 
At 7 months of age, a subset of experiments were performed to investigate the 
response to global ischemia. Initially, a 30 min global ischemia was performed as 
has been previously reported using rat hearts (Elmes et al., 2007; Ghanbari et al., 
2015). Control hearts did not recover from ischemia, even following reintroduction of 
pacing. Due to this, the period of ischemia was gradually shortened until a sufficient 
amount of recovery was seen in control rat hearts, the optimal length of ischemia 
was found to be 15 min in this model. 
Following 15 min equilibration, the heart was paced at 300BPM for 15 min prior to 
ischemia. An initial sample of effluent was collected for measurement of Lactate 
dehydrogenase (LDH), an indicator of cell death. Global no-flow ischemia was 
induced for 15 min, during which pacing was stopped. After 15 min, hearts were 
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perfused for 60 min. Two min after reperfusion commenced, a second LDH sample 
was collected and pacing recommenced. Buffer was also collected throughout the 
experiment into an ice cold bath and a sample collected at the end of the experiment 
for a third LDH measurement.  
2.2.5 Measurement of heart function by echocardiography 
Echocardiography was performed at 12 months of age on 8 rats per sex per 
treatment group. Rats were weighed prior to commencement of the 
echocardiograms. Anaesthesia was induced and then maintained with Isofluorane 
(2%) in 100% oxygen via a nose cone. Rats were laid supine on a heated pad before 
the thoracic wall was shaved. Echocardiography was completed using a Philips 
HD15 ultrasound unit and high-frequency (15 MHz linear array transducer) probe 
(Philips; Amsterdam, The Netherlands). Echocardiography was completed by a 
veterinary cardiologist (Dr Fiona Campbell) as described in previous publications 
(Nguyen et al., 2014). Measurements were taken in accordance to the American 
Society of Echocardiography using the leading edge method over 3-5 consecutive 
cardiac cycles. The values measured included intraventricular septal width during 
diastole (IVSd), left ventricular internal diameter during diastole (LVIDd), left 
ventricular posterior wall at the end of diastole (LVPWd), and left ventricular internal 
diameter during systole (LVIDs). Heart rate was calculated using the R to R interval 
in consecutive QRS complexes and averaged over 3 intervals of a simultaneously 
recorded ECG. Doppler spectral profiles were used to measure isovolumetric 
relaxation time (IVRT), mitral valve closure minus mitral valve opening (MVc-MVo). 
Supra sternal imaging acquired left ventricular outflow allowing aortic ejection time 
(Ao ET), aortic velocity time integral (Ao VTI) and aortic cross sectional area (Ao 
CSA). Using established formula (Feigenbaum, 1989), fractional shortening (FS%) 
was calculated from LVIDd and LVIDs. The product of AoCSA, AoVTI and heart rate 
allowed calculation of Cardiac output (CO). Myocardial perfusion index (MPI) was 
determined by ((MVc-MVo)-AoET)*AoET. 
Rats recovered on a heat mat with constant monitoring and given oxygen if needed. 
Rats were then monitored over the next 24hr. 
 66 
 
2.3 Embryonic and postnatal tissue collection 
Tissue was collected at various ages (E20, PN30, 8 months, 12 months and 19 
months) for analysis in this thesis. Heart, kidney, fat pads and brain region weights 
were recorded and samples collected for gene and protein analysis. Where 
appropriate, samples were snap frozen in liquid nitrogen and stored at -80°C for 
mRNA/protein analysis or fixed in 4% PFA for histological analysis. 
2.3.1 Embryonic day 20  
At E20, a subset of treated dams were used for collection of embryonic tissue. Dams 
were heavily anesthetised using an i.p injection of 50:50 ketamine (50mg/ml) and 
xylazine (20mg/ml, total volume injection was 0.1ml/100g). Upon abolition of 
reflexes, the abdomen was opened and fetuses removed for dissection. Embryonic 
hearts were dissected and weighed, with heart weights of male and female fetuses 
being averaged separately for each litter.  
2.3.2 Postnatal day 30 and eight months of age 
At postnatal day 30 and at eight months of age, a subset of offspring were heavily 
anesthetised using ketamine/xylazine (50:50; 0.1ml/100g BW), weighed and kidney 
and hearts collected for later analysis. At 8 months of age measurements of left 
ventricle thickness was made using callipers and a sample of left ventricle was fixed 
in 4% paraformaldehyde for histology.  
2.3.3 Twelve and nineteen months of age 
Animals were fasted overnight and weighed prior to being anesthetised with an i.p. 
injection of sodium pentobarbital (0.1ml/100g). Abdominal girth was measured prior 
to organ collection. The heart and kidneys were weighed prior to being stored for 
subsequent analysis by ether being snap frozen in liquid nitrogen and stored at -
80°C for mRNA/Protein analysis or fixed in 4% PFA for histological analysis. Fat 
pads including the subcutaneous, omental and retroperitoneal deposits were 
dissected by hand and weighed. The subcutaneous fat pad included sub-cutaneous 
fat deposits including those connected to the dermis and underlying muscle but not 
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including brown fat deposits. Omental fat included fat surrounding the omentum and 
retroperitoneal deposits included fat adjacent to the spine. The weights of omental 
and retroperitoneal fats were summed to provide a measure of visceral fat mass. In 
19 month old offspring, the brain was excised and the NAc and VTA isolated by 
dissection using methods described previously (Ong & Muhlhausler, 2011). The NAc 
and VTA samples were snap frozen and stored at -80°C for subsequent analysis. 
2.4 Sample analysis 
2.4.1 Urinary and blood analysis 
Osmolality of both plasma and urine was determined using the µOSMETTE freeze 
point osmometer (Precision systems, MA, USA). Osmolality was compared to 
commercially available standards. Urine and blood were diluted appropriately before 
being run through the Cobas Integra 3000 multianalyte analyser (Roche, North 
Ryde, Australia). Approximately 200µl of sample was loaded into the Cobas cassette 
that measured sodium (Na+), potassium (K+) and chloride concentrations (Cl-) within 
the sample. Urinary parameters were normalised to urine flow (ml/g). Urinary 
albumin and creatinine were evaluated using commercially available kits (Nephrat 
,Exocell, PA, USA; Creatinine Companion (Exocell, PA, USA). Plasma AVP levels 
were determined using a Vasopressin Direct RIA (Buhlmann Laboritories, 
Switzerland). 
2.4.2 Tissue analysis: Quantitative real time PCR 
2.4.2.1 RNA extraction and quantification 
Total mRNA was extracted from several tissues throughout this thesis including the 
heart, kidney and specific brain regions. For kidneys, a representative sample 
including medulla and cortex was used (20-30mg). Left ventricle samples were used 
for all heart mRNA expression (20-30mg). Samples of the ventral tegmental area 
(VTA) and nucleus accumbens (NAc) were dissected on wet ice before being 
extracted (all collected tissue used). Samples were stored at -80°C and remained 
frozen until extraction. 
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Total mRNA was extracted using the RNeasy mini kit (QIAGEN, Doncaster, 
Australia) as described below. Collected tissue samples were homogenised using 
Beta-mercaptoethanol in the provided lysis buffer until all tissue was homogenised. 
Following centrifugation at top speed and pellet removal, the resultant homogenate 
was mixed with ethanol before being passed through a spin column to allow 
separation of nucleic acid from the effluent. Provided buffers were then used to wash 
the membrane before the membrane was subjected to DNAse 1 digestion (10ul) to 
remove potential genomic DNA contamination of the sample. Final washes and 
ethanol followed before elution of the mRNA with RNAse free, DNase free water. 
mRNA quality and quantity was determined using the Nanodrop 1000 
spectrophotometer (Thermo Fisher Scientific, Scoresby Vic, Australia). mRNA was of 
sufficient quality if the sample had an optical density ratio (absorbance at 260nm 
divided by the absorbance at 280nm) of between 1.8 and 2.0. Total mRNA quantity 
was determined by the Nanodrop by using the Beer–Lambert law modified for RNA 
which gives total mRNA yield as absorbance at 260nm multiplied by the mRNA 
coefficient.  
2.4.2.2 Reverse transcription to cDNA 
mRNA from each sample (concentration dependent on tissue) was reverse 
transcribed into 10µl of cDNA using the iScript cDNA synthesis kit (Bio-rad) as per 
manufacturer’s instructions. cDNA was diluted appropriately for each tissue as seen 
in Table 2.1. 
Table 2.1: Concentrations of RNA and cDNA for reverse transcription and qPCR 
dependent on tissue type. 
 
Total mount of RNA 
reverse transcribed (ng) 
Final concentration of 
cDNA in well (ng) 
Kidney 1000 25 
Heart 400 10 
Ventral tegmental area 100 2.5 
Nucleus Accumbens 150 3.75 
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2.4.2.3 Gene expression analysis  
Real time polymerase chain reaction (qPCR) was performed using the Quant studio 
6 real time PCR systems (Life technologies, Carlsbad, CA). mRNA levels of genes 
were determined using assay on demand primer and probe assays (AOD) or custom 
designed primer and probe sets listed in the relevant chapters (Taqman, Applied 
Biosystems, Foster City, CA). Multiplex reactions were used throughout, following 
multiplex dilution testing with the appropriate endogenous loading control (henceforth 
referred to as housekeeper). A number of housekeepers were tested for each tissue 
of interest to check for tissue specific responses to PC:EtOH and to ensure that they 
were stably expressed. A housekeeper gene was deemed appropriate if both 
multiplex testing and stability testing was passed. The most appropriate 
housekeepers across multiple tissues were found to be 18s ribosomal RNA (rn18s) 
and beta actin (Actb). Geometric means of these housekeepers were used where 
deemed appropriate. mRNA expression of genes of interest were determined using 
the ∆∆CT method normalised to male control. 
2.4.3 Fixed tissue analysis 
Paraformaldehyde fixed tissue samples were transferred into 70% ethanol after a 
minimum of 24hr of fixation. Tissues were then processed to paraffin through a 
series of xylene and ethanol treatments prior to being embedded in paraffin wax. 
This involved placing samples in 60°C paraffin wax under vacuum (60PSI) for at 
least half an hour to ensure correct wax infusion. Samples were then arranged within 
an aluminium mould to ensure correct tissue orientation before being filled with 
paraffin wax and allowed to solidify.  
Sections were prepared using a rotary microtome and placed on Superfrost plus 
slides. Section thickness was optimised for each protocol, details of which can be 
found in relevant chapters. Histological techniques employed throughout this thesis 
include Periodic acid–Schiff staining (Chapter 3), Mason’s trichrome staining 
(Chapter 4) and immunohistochemistry (Chapter 3). 
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2.5 Statistics 
Analyses were performed using GraphPad Prism 7 software. All data are presented 
as mean ± SEM unless stated otherwise. Body and organ weights at E20 and PN30 
were averaged within litters prior to analysis. Most of the data in chapters 3,4,5,6 
was analysed using two-way analysis of variance (ANOVA) with periconceptional 
treatment and sex or diet or time as variables with Bonferroni post hoc testing used 
when required. Repeated measures two-way ANOVA’s were used when required. 
Students T-tests were used to analyse western blots performed in chapters 3, 4 and 
echocardiography results in chapters 4 and 5. Data was subject to normality and 
variance testing and transformed by natural log (Ln) where required prior to analysis. 
P<0.05 was considered significant. 
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Chapter 3 
Periconceptional alcohol exposure induces renal dysfunction and sex specific 
increases in AQP2 and AVPR2 in aged rat offspring 
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3.1 Abstract 
Maternal alcohol consumption is known to impair fetal renal development and 
program kidney dysfunction in animal offspring, particularly when administered 
during organogenesis. Both the amount of alcohol consumed as well as the timing of 
exposure have a significant impact on the development of offspring disease. Given 
that the majority of women who drink alcohol cease consumption upon recognition of 
pregnancy, we aimed to investigate the effect of alcohol around the time of 
conception (periconceptional period- PC:EtOH) on renal development and renal 
disease in offspring.  
Rats received a liquid diet +/- 12.5% v/v ethanol from four days before to four days 
after mating. At postnatal day 30, offspring exposed to PC:EtOH had lighter kidneys 
with fewer nephrons (PTrt<0.05). At six months (m) of age, PC:EtOH exposure did 
not alter renal function (measured by 24hr metabolic cage) in either sex nor did it 
affect blood pressure at 12m of age. At 19m however, PC:EtOH exposure increased 
urine flow in female offspring under both basal and dehydrated conditions 
(PTrt<0.05). This was not associated with increased water intake. Kidneys were 
collected at 19m for gene/protein analysis of AQP2 and AVPR2. Aqp2 mRNA and 
Avpr2 mRNA and protein expression was increased in kidneys from female PC:EtOH 
offspring (P<0.05). Interestingly, immunofluorescent staining revealed diffuse 
cytoplasmic distribution of the AQP2 protein in PC:EtOH kidney sections compared 
to controls with intense apical AQP2 localisation.  
This study demonstrates that PC:EtOH results in a low nephron endowment and in 
female offspring, this was associated with changes in expression and localisation of 
AQP2, a key mediator of urine concentrating ability. These key changes to offspring 
lifelong renal development and health highlight the importance of avoiding alcohol 
when planning a pregnancy. 
 
 
 
 73 
 
3.2 Introduction 
The incidence of alcohol consumption during pregnancy is alarmingly high in western 
countries, with approximately 30% of surveyed women in the United States reporting 
drinking at some point during their pregnancy compared to 40% of Australian women 
and 20-80% of women in Ireland (Ethen et al., 2009; O'Keeffe et al., 2015). 
Furthermore, while many women stop or at least reduce their alcohol intake once 
they are aware of their pregnancy, research shows that approximately half of 
pregnancies in the United States of America are unintended and therefore it is likely 
that many women are exposing their fetuses to alcohol in early pregnancy (Finer & 
Zolna, 2014). Alcohol is known to impair the development of the central nervous 
system and have long lasting effects on offspring behavioural outcomes (Riley et al., 
2011). Whilst most studies have focussed on the developing brain, less is known 
about the impact of maternal alcohol consumption on the development of other 
organs, such as the kidney. The impact of prenatal ethanol exposure on the 
developing kidney is important to understand given that models of uteroplacental 
insufficiency, maternal low protein consumption and fetal hypoxia have all been 
shown to impair renal development, reduce nephron number and program renal 
and/or cardiovascular disease in offspring (for review see Dorey et al., 2014).  
Alcohol exposure during late gestation reduces nephron number in fetal sheep (Gray 
et al., 2008). Furthermore, high levels of alcohol in rats for 2 days during mid-
gestation has been shown to impair nephrogenesis with offspring developed sex 
specific changes in glomerular filtration rate and protein excretion at six months of 
age (Gray et al., 2010). Alcohol exposed males exhibited increased glomerular 
filtration rate and proteinuria when compared to controls, however decreased 
glomerular filtration rate was observed in alcohol exposed females. In adulthood, 
these rats also developed higher mean arterial pressure compared to same sex 
controls. The correlation between decreased nephron number and increased blood 
pressure has become known as the ‘Brenner hypothesis’ and has been implicated 
following many prenatal perturbations including low protein diet during the 
periconceptional period and dexamethasone in mid gestation (Brenner et al., 1988; 
Singh et al., 2007a; Watkins et al., 2008b).  
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Exposure to high levels of alcohol during late gestation in the rat resulted in renal 
dysfunction in adulthood, with increased urine flow and water consumption observed, 
particularly in female offspring (Knee et al., 2004). This increased urine flow was 
associated with a decrease in arginine vasopressin (AVP) content in the pituitary and 
decreased Avp mRNA expression in the hypothalamus. Furthermore, response to 
haemorrhage was reduced in ethanol exposed offspring indicating an inability to 
respond to rapid hypovolemia (Knee et al., 2004; Bird et al., 2006). High levels of 
alcohol exposure during pregnancy is known to cause a sevenfold increase in 
circulating AVP levels in association with increased water intake in rat offspring 
(Dow-Edwards et al., 1989). Additionally, prolonged ethanol ingestion has been 
shown to increase renal AQP2 and 3 expression in rats and their offspring (Garcia-
Delgado et al., 2004) suggesting that prenatal alcohol exposure can alter central 
control of urine excretion via AVP secretion but as well as renal mechanisms of urine 
concentrating ability . 
The majority of studies have examined the outcomes following maternal 
perturbations either during the entirety of pregnancy or during mid/late gestation. 
More recently, studies have demonstrated that perturbations around the time of 
conception, known as the periconceptional period, result in long lasting impairments 
to offspring physiology (McMillen et al., 2008). Given most women abstain or reduce 
alcohol consumption upon pregnancy recognition, the current study sought to 
investigate the impact of periconceptional alcohol consumption on fetal kidney 
development and offspring physiology. We have previously reported that alcohol 
consumption in the rat during this period induces fetal growth restriction and altered 
placental morphology (Gardebjer et al., 2014) and results in offspring with insulin 
resistance (Gardebjer et al., 2015). In this study, we hypothesise that 
periconceptional alcohol exposure will decrease nephron endowment, culminating in 
functional deficits in the adult kidney that will worsen with age and increase the risk 
of elevated blood pressure. 
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3.3 Methods 
3.3.1 Animal treatment and offspring measures 
All experiments were performed at the University of Queensland and were approved 
by the University of Queensland Anatomical Bioscience Animal Ethics Committee 
before commencement of the study. Outbred female Sprague Dawley rats were 
given a liquid diet containing 12.5% v/v ethanol (PC:EtOH, n=23) or a control diet 
(Control, n=21), as described previously (Gardebjer et al., 2015). At postnatal day 30 
(PN30) a subset of rats (one male and one female from each litter, PC:EtOH n=11, 
Control n=9) were euthanized using a 50:50 mix of ketamine and xylazine (0.1ml/kg 
body weight, Lyppard Australia Ltd., Australia) and organs collected and weighed. 
The right kidney was weighed and fixed in 4% paraformaldehyde (PFA) for 
determination of glomerular (nephron) number. A subset of dams (PC:EtOH n=12 
and Control n=12) were allowed to litter down naturally and offspring from each litter 
were aged to 6, 12 and 19 months for physiological studies. 
At 6 months of age, renal function was measured (as described below) and EDTA 
treated plasma samples were collected from a subset of non-fasted offspring via tail 
tip and frozen at -80°C for later analysis of AVP. In a subset of animals, blood 
pressure was measured by radiotelemetry at 12 months, whilst a separate set of 
animals was aged until 19 months when renal function was re-assessed under basal 
conditions and following a 24hr dehydration challenge. Following these measures, 
rats were fasted overnight before being euthanized with 0.1ml/kg of sodium 
pentobarbital. Blood was collected via cardiac puncture, placed in EDTA coated 
collection tubes and centrifuged at 4°C for 10 min at 3500 rpm and stored at -80°C. 
Kidneys were collected and fixed in 4 % PFA for histology or frozen at -80°C for 
molecular analyses.  
3.3.1.1 Renal function 
At 6 months (male Control n=12 (from 12 litters), male PC:EtOH n=13 (from 12 
litters), female Control n=10 (from 10 litters) and female PC:EtOH n=10 (from 10 
litters) and at 19 months of age (male Control n=9 (from 7 litters), male PC:EtOH n=8 
(from 7 litters), female Control n=9 (from 6 litters) and female PC:EtOH n=7 (from 6 
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litters), rats were acclimatised to individual metabolic cages in the days prior to the 
experimental urine collection. Where possible the same rats were used at both ages. 
Rats were then placed in the metabolic cages for 24hr, with food and water 
consumption and urine output recorded. A homogeneous sample of urine was 
collected and frozen at -20 °C for later analysis of urinary Na+, K+, Cl- (6 and 19 
months) and urinary albumin and creatinine (19 months). Urinary parameters were 
normalised to urine flow (ml/g). After a 24hr recovery period, rats were again placed 
in metabolic cages for a period of 24hr without access to water. Urine output was 
recorded and urine was collected and stored at -20 °C. Following the dehydration 
challenge, a tail vein blood sample was collected in EDTA coated tubes and plasma 
collected and stored at -80 °C for analysis of arginine vasopressin (AVP) 
concentrations. 
3.3.1.2 Blood pressure 
Blood pressure was analysed at 12 months in freely moving unrestrained rats using 
radiotelemetry (model PA-C40; Data Sciences International, MN, USA). A detailed 
description can be found in General Methods (Chapter 2). Briefly, following induction 
of anaesthesia, rats were maintained under anesthetised using 2% Isofluorane in 
oxygen. Once reflexes were abolished, the groin of the rats were shaved and 
disinfected (EtOH and Betadine). The femoral artery was located and cleaned. An 
incision was made into the femoral artery and a probe cannula was inserted. Once 
the desired location was established the probe was held in place with sutures. The 
incision was closed; animals received analgesia (5mg/ml Meloxicam was given 
subcutaneously in saline at a dose of 1mg/kg) and antibiotics (1.5ml of 50mg/ml 
Baytril in 200ml drinking water for 2 days) and allowed to recover for 10 days. At the 
end of the recovery period, measurements of systolic blood pressure (SBP), diastolic 
blood pressure (DBP), pulse pressure (PP), mean arterial pressure (MAP) and heart 
rate (HR) were acquired for 10 seconds every 15 min for three days.  
 77 
 
3.3.2 Sample analysis 
3.3.2.1 Urinary and plasma  
Urine and plasma samples were analysed using the Cobas Integra 400 Chemistry 
Analyzer (Block Scientific, NY,USA). Osmolality was determined using a µOSMETTE 
freeze point osmometer (Precision Systems, MA, USA). Urinary albumin and 
creatinine were evaluated using commercially available kits (Nephrat ,Exocell, PA, 
USA; Range 2.0-100ug/ml; intra and inter-assay precision C.V. <10%); Creatinine 
Companion (Exocell, PA, USA; Range 10-100mg/ml; intra and inter-assay precision 
C.V. <10% of the mean) respectively. Plasma AVP levels were determined using a 
Vasopressin Direct RIA (Buhlmann Laboritories, Switzerland; Range 1.25-80  pg/ml; 
intra and inter-assay precision C.V. <10%). Assays were performed to manufactures 
instructions. 
3.3.2.2 Glomerular number and renal pathology 
Glomerular number was estimated in kidneys of male and female offspring at PN30 
(n=8 per treatment per sex). Briefly, fixed kidneys were processed to paraffin and 
exhaustively sectioned at 5µm. Ten evenly spaced section pairs were systematically 
sampled and stained with the lectin peanut agglutinin (Arachis hypogea, PNA; Sigma 
Aldrich, Castle Hill, NSW, Australia). The physical disector/fractionator combination 
was used to count the number of glomeruli from each section pair as previously 
described (Cullen-McEwen et al., 2011).  
Histopathology was assessed in paraffin-embedded kidney sections at 19 months. 
Representative 4µm midline sections were stained with Periodic Aid Schiff stain 
(PAS) for pathological characterisation (n=3 per treatment). Sections were assessed 
by an expert pathologist blinded to treatment groups.  
3.3.2.3 Real time PCR and western blotting 
RNA was extracted from kidneys using the RNeasy Mini Kit (Quiagen, VIC, 
Australia). All samples were DNase1 treated. RNA was reverse transcribed into 
cDNA using iScript. qPCR was performed using custom made AQP2 primers and 
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probes (Fwd: CCCTCTCCATTGGTTTCTCTGTTAC, Rev: 
AGGGAGCGGGCTGGATTC, Probe: CTGGGCCACCTCCTTGGGATCTA; 
Biosearch Tech) and assays on demand primer and probe sets for AVPR2 
(Rn00569508_g1) and AQP3 (Rn00581754_m1). All qPCR was performed using 
Taqman reagents (Applied Biosystems, CA, USA). Results were analysed using 
∆∆Ct method and rn18s used as the endogenous loading control. 
For AVPR2 protein analysis, kidney samples were homogenised (2x20sec) in RIPA 
buffer prior to centrifugation (11000rpm, 20 min, 4°C). For AQP2 protein analysis, 
samples were homogenised (2x20sec) using a sucrose isolation buffer (250mM 
sucrose, 10mM triethanolamine, pH 7.6, adapted from (Tian et al., 2004; Cano-
Penalver et al., 2014). Protein concentration was established using the Bio-Rad 
protein assay. 20 µg (5-7 per group) of protein was subjected to SDS-page, run on a 
12% gel and blocked in 4% fish gelatine with goat serum (1:10). The following 
antibodies were applied overnight at 4°C at a dilution of 1:1000. AVPR2: Rabbit anti-
AVP Receptor V2 (H-80), Santa Cruz Biotechnology, Dallas, Texas, U.S.A (1:1000); 
AQP2: Rabbit Anti-Aquaporin 2 (AB3274-200ul, EMD Millipore Corporation, CA, 
USA; 1mg/ml) or Rabbit Anti-Aquaporin2 Phospho S256 (ab109926, Abcam, 
Cambridge, UK, 1mg/ml). All blots were incubated for 1 hr at room temperature using 
an ACTB antibody (Cat. No. A2228, Sigma Aldrich, Sydney, Australia, 66.6µg/ml). 
This was followed by a 1 hr incubation with secondary antibodies (LI-COR IRDye 
680 goat anti-rabbit and IRDye 800CW goat anti-mouse, Millennium Science, 
Mulgrave, Australia) before the blot was scanned and analysed using the LI-COR 
Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA). 
3.3.2.4 Renal AQP2 localisation 
APQ2 localisation was performed at 19 months using fluorescence 
immunohistochemistry. Representative midline kidney sections were dewaxed, and 
antigen retrieval was performed in 10mM citrate buffer (pH 8.5) for 20 min at 80 °C 
before being allowed to return to room temperature. Sections were blocked in 10% 
goat serum in 2% BSA for 30min at room temperature. After blocking, primary AQP2 
antibody (AB3274, Merck Group, Bayswater, 2mg/ml) was incubated overnight at 
4°C. Alexa fluor 488 goat anti rabbit IgG secondary was applied and the slide 
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incubated for 1hr in the dark before being counterstained with Hoest to detect nuclei. 
Images were collected using the Leica DMi8 Inverted Confocal (representative 
pictures of cortex and medulla 1 per animal, n=3) and qualitatively described using 
Image J. 
3.3.3 Statistics 
Data are presented at mean ± standard error of the mean (SEM). For renal function, 
nephron number, organ weight, urinary and plasma electrolytes and gene 
expression, a two-way ANOVA with treatment (PTrt) and sex (PSex) as factors. 
Bonferroni post hoc analysis was used where appropriate. For protein expression, 
data were analysed using students t-test. Blood pressure results were analysed 
using a two-way repeated measures ANOVA with Bonferroni post hoc analysis. 
P<0.05 was considered significant. 
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3.4 Results 
3.4.1 Growth, nephron endowment and organ allometry at PN30 
At postnatal day 30 (PN30) PC:EtOH did not alter body weight but did result in a 
decrease in total kidney weight (Figure 3.1A,B; PTrt<0.01). PC:EtOH similarly 
decreased total kidney to body weight ratio (Figure 3.1C; PTrt<0.01), with post hoc 
analysis demonstrating that this reduction was significant in male PC:EtOH offspring 
(P<0.05). Females were lighter and had smaller kidneys than males (PSex<0.05). 
Overall, PC:EtOH reduced glomerular number at PN30 (Figure 3.1D; PTrt<0.01, 
~9% in males, ~6% in females) but post hoc analysis demonstrated that this was 
only significant in male PC:EtOH offspring (P<0.05). 
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Figure 3.1: Organ allometry and glomerular number at postnatal day 30. Body 
Weight (A), total kidney weight (B), total kidney weight/BW (C) and estimated 
glomerular number (D) in offspring at PN30 from dams that consumed a control diet 
(white) or following PC:EtOH (black). Data are mean ± SEM. n= 8-10 per group. 
Data was analysed using two-way ANOVA with Bonferroni post hoc analysis. 
*P<0.05 when compared with control of the same sex. 
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3.4.2 Renal function at 6 months of age 
At six months of age, PC:EtOH did not change urine flow under basal and 
dehydrated conditions (Figure 3.2A,B) or basal plasma AVP concentrations (Figure 
3.2D). Under basal conditions PC:EtOH did not alter water intake in offspring, though 
females consumed more water than males regardless of treatment group (Figure 
3.2C). Females had higher urine flow rates than males in both basal and dehydration 
conditions (Figure 3.2A-B; PSex<0.05) and higher basal concentrations of plasma 
AVP (Figure 3.2D; PSex<0.05). 
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Figure 3.2: Metabolic cage analysis at 6 months of age. Urine flow under basal (A, 
solid bars) and dehydration (B, lined bars) conditions, water consumption (C) and 
plasma arginine vasopressin levels (D) in offspring at 6 months of age from dams 
that consumed control (white) or PC:EtOH diet (black). Data are mean ± SEM. n=5-
13 per group. Data was analysed using two-way ANOVA with Bonferroni post hoc 
analysis. 
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3.4.3 Blood pressure and heart rate 
At 12 months of age PC:EtOH did not alter SBP, DBP, MAP, or PP in either sex 
(Table 3.1, Figure 3.3 A,B). In both males and females there was an effect of time of 
day (PTime<0.05) for all variables measured, with increases during the dark cycle. 
There was a significant interaction between time of day and heart rate in male 
PC:EtOH offspring (HR, Figure 3.3C; PInt<0.05), but post hoc analysis did not show 
any significant differences.  
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Figure 3.3: Mean arterial pressure and heart rate measurements following PC:EtOH. 
Mean arterial pressure (A,B) and heart rate (C,D) over 3 day night cycles in male 
(A,C) and female (B,D) offspring at 12 months from dams that consumed control 
(white circles) or PC:EtOH (black squares) diet. Data are mean ± SEM. n=7-9. Data 
was analysed using a two-way repeated measures ANOVA with Bonferroni post hoc 
analysis. 
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Table 3.1: Blood pressure parameters as measured by radiotelemetry averaged 
over three light and dark cycles. 
 PC 
Treatment 
Control PC:EtOH Control PC:EtOH 
 
Light cycle Light Light Dark Dark Statistics 
M
al
e 
SBP 
(mmHg) 
124±1 126±1 129±1 130±2 
P(Trt)=NS 
P(Time)<0.0001 
P(Int)=NS 
DBP 
(mmHg) 
82±1 82±1 87±1 86±1 
P(Trt)=NS 
P(Time)<0.0001 
P(Int)=NS 
PP 
(mmHg) 
42±1 44±1 43±1 45±1 
P(Trt)=NS 
P(Time)<0.01 
P(Int)=NS 
HR 
(bpm) 
266±8 278±6 314±9 315±5 
P(Trt)=NS 
P(Time)<0.0001 
P(Int)<0.05 
Fe
m
al
e 
SBP 
(mmHg) 
116±2 118±1 123±2 122±1 
P(Trt)=NS 
P(Time)<0.01 
P(Int)=NS 
DBP 
(mmHg) 
74±2 77±1 79±2 81±1 
P(Trt)=NS 
P(Time)<0.05 
P(Int)=NS 
PP 
(mmHg) 
43±1 41±1 43±1 41±1 
P(Trt)=NS 
P(Time)=NS 
P(Int)=NS 
Heart Rate 
(bpm) 
305±9 317±5 356±9 360±10 
P(Trt)=NS 
P(Time)<0.0001 
P(Int)=NS 
Data are mean ± SEM and analysed by repeated measures two-way ANOVA. 
Systolic blood pressure (SBP), Diastolic blood pressure (DBP) and pulse pressure 
(PP) averaged over three consecutive days and nights. n=7-9. NS= not significant.
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3.4.4 Renal function in aged animals 
At 19 months, females had greater urine flow than males under both basal and 
dehydration conditions (Figure 3.4A-B; PSex<0.0001). PC:EtOH treatment increased 
basal urine flow (Figure 3.4A; PTrt<0.05), with post hoc analysis demonstrating 
female offspring in the PC:EtOH group had significantly higher flow rates than that of 
control offspring (P<0.05). PC:EtOH increased water consumption in offspring 
(Figure 3.4C; PTrt<0.05), with post hoc analysis indicating that female PC:EtOH 
offspring consumed more water than controls. Furthermore, female offspring 
consumed more water than males (PSex<0.01). There was a significant interaction 
between treatment and sex when assessing urine flow during dehydration (Figure 
3.4B; PInt<0.01). Post hoc analysis showed that female PC:EtOH offspring had 
significantly higher rates of urine flow than control female offspring (P<0.01).There 
was no alteration in plasma AVP concentrations following dehydration due to either 
treatment or sex (Figure 3.4D).  
3.4.4.1 Urine and plasma analysis at 19 months 
At 19 months of age under basal conditions, PC:EtOH had no effect on electrolyte 
excretion, urinary excretion of creatinine or albumin, the urinary Albumin:Creatinine 
ratio or urine osmolality (Table 3.2). At 19 months, females had higher rates of UNaV, 
UClV and UKV compared to males (PSex<0.0001). Females of both treatment groups 
had higher Albumin:Creatinine (PSex<0.05), more concentrated urine (PSex<0.01), 
lower levels of urinary creatinine (PSex<0.01) and higher urinary albumin 
(PSex<0.05) than males. PC:EtOH had no effect on urinary electrolytes or osmolality 
at 19 months during dehydration, though females continued to have higher UNaV 
(P<0.05), UClV (PSex<0.05) and UKV (PSex<0.05) and more dilute urine than males 
(PSex<0.01). PC:EtOH did not change plasma osmolality, though female offspring 
had more concentrated plasma compared to males regardless of treatment group 
(Table 3.3;PSex<0.05). There were no alterations in plasma sodium, potassium and 
chloride levels in plasma obtained under basal and dehydration conditions following 
PC:EtOH. 
In response to dehydration, urine flow decreased compared to baseline in all groups. 
The decrease in urine flow in response to dehydration was similar between the 
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control and PC:EtOH groups regardless of sex (Table 3.2). Female offspring reduced 
urine flow (% change) more than males under dehydration challenge, irrespective of 
periconceptional exposure (Table 3.2; PSex<0.01). PC:EtOH had no effect on 
urinary electrolytes or osmolality at 19 months during dehydration, though UNaV 
(P<0.05), UClV (PSex<0.05) and UKV (PSex<0.05) remained higher in females. 
Under dehydration conditions, males had higher urine OSM than females (Table 3.2; 
PSex<0.01), though %Change in OSM between basal and dehydration conditions 
was not different between sexes. PC:EtOH did not change plasma osmolality, 
though female offspring had more concentrated plasma compared to males 
regardless of treatment group (Table 3.3; PSex<0.05). There were no alterations of 
sodium, potassium and chloride levels in plasma obtained under basal and 
dehydration conditions following PC:EtOH. 
3.4.4.2 Post-mortem weights at 19 months 
At 19 months of age, PC:EtOH had no effect on body weight, kidney weight or 
relative kidney weight of offspring (Table 3.2). Female offspring were lighter 
(PSex<0.0001) and had smaller kidneys (PSex<0.0001) than male offspring. 
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Figure 3.4: Metabolic cage analysis at 19 months of age. Urine flow (A) and water 
consumption (C) under basal conditions (solid bars) and urine flow (B) and plasma 
arginine vasopressin levels during dehydration (D) comparing offspring from dams 
that consumed control (white) or PC:EtOH (black) diet at 19 months of age. Data are 
mean ± SEM. n=6-9. Data was analysed using two-way ANOVA with Bonferroni post 
hoc analysis. *P<0.05 and **P<0.01 when compared to same sex control. 
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Table 3.2: Urinary analysis, body and organ weight data at 19 months.  
 Male Control Male PC:EtOH Female Control Female PC:EtOH Statistics 
U
ri
n
e
 
B
a
s
a
l 
UNaV 
(µmol/g/24hr) 
1.29 ± 0.20 1.25 ± 0.18 2.03 ± 0.27 2.80 ± 0.28 
P(Trt)= NS 
P(Sex) <0.0001 
P(Int)= NS 
UKV 
(µmol/g/24hr) 
3.12 ± 0.31 3.07 ± 0.30 4.45 ± 0.26 5.26 ± 0.46 
P(Trt)= NS 
P(Sex) <0.0001 
P(Int)= NS 
UClV 
(µmol/g/24hr) 
2.22 ± 0.27 2.07 ± 0.24 3.68 ± 0.27 4.50 ± 0.48 
P(Trt)= NS 
P(Sex) <0.0001 
P(Int)= NS 
Creatinine 
(mg/dL) 
126.6 ± 7.4 147.1 ± 14.9 80.0 ± 6.4 96.4 ± 16.1 
P(Trt)= NS 
P(Sex)<0.001 
P(Int)= NS 
Albumin 
(mg/dL) 
20.59 ± 1.76 19.98 ± 3.79 28.06 ± 3.77 30.41 ± 3.96 
P(Trt)= NS 
P(Sex)<0.05 
P(Int)= NS 
Albumin: Creatinine 0.18 ± 0.01 0.18 ± 0.70 0.40 ± 0.84 0.46 ± 0.17 
P(Trt)= NS 
P(Sex)<0.05 
P(Int)= NS 
OSM 
(mOsm/kg H20) 
1155 ± 76 1090 ± 107 849.8 ± 61 692.3 ± 92 
P(Trt)= NS 
P(Sex)<0.001 
P(Int)= NS 
D
e
h
y
d
ra
ti
o
n
 
UNaV 
(µmol/g/24hr) 
1.38 ± 0.17 1.20 ± 0.17 1.74 ± 0.08 1.67 ± 0.30 
P(Trt)= NS 
P(Sex)<0.05 
P(Int)= NS 
UKV 
(µmol/g/24hr) 
2.61 ± 0.18 2.49 ± 0.22 3.04 ± 0.24 3.56 ± 0.44 
P(Trt)= NS 
P(Sex)<0.01 
P(Int)= NS 
UClV 
(µmol/g/24hr) 
2.13 ± 0.19 2.00± 0.24 2.59 ± 0.16 2.61 ± 0.34 
P(Trt)= NS 
P(Sex)<0.05 
P(Int)= NS 
OSM (mOsm/kg 
H20) 
1712 ± 145 1861 ± 102 1429 ± 101 1231 ± 130 
P(Trt)= NS 
P(Sex)<0.001 
P(Int)= NS 
%
 C
h
a
n
g
e
 Urine output 
(ml/24hr) 
-24.5 ± 4.7 -30.6 ± 7.3 -44.5 ± 5.6 -54.2 ± 9.0 
P(Trt)=NS 
P(Sex)<0.01 
P(Int)= NS 
OSM 
(mOsm/kg H20) 
48.0 ± 6.4 80.7 ± 17.2 70.3 ± 9.5 95.0 ± 34.0 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
A
g
e
d
 a
n
im
a
l 
a
ll
o
m
e
tr
y
 
Body weight (g) 780 ± 46 767 ± 30 460 ± 17 471 ± 33 
P(Trt)=NS 
P(Sex)<0.0001 
P(Int)=NS 
Total Kidney (g) 3.56 ± 0.31 3.25 ± 0.25 2.27 ± 0.05 2.49 ± 0.13 
P(Trt)=NS 
P(Sex)<0.0001 
P(Int)=NS 
Total Kidney/BW 
(g/g) 
0.0046 ± 0.0004 0.0050 ± 0.0060 0.0050 ± 0.0055 0.0054 ± 0.0062 
P(Trt)=NS 
P(Sex)=NS 
P(Int)=NS 
Data represented are mean ± SEM and n=6-9 per group. Data analysed by two-way 
ANOVA with Bonferroni post hoc test. NS=not significant. 
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Table 3.3: Plasma analysis at 19 months of age. 
 
Data represented are mean ± SEM and n=6-9 per group. Data analysed by two-way 
ANOVA with Bonferroni post hoc test. NS= not statistically different. 
 
 
  Male 
Control 
Male 
PC:EtOH 
Female 
Control 
Female 
PC:EtOH 
Statistics 
B
a
s
a
l 
Plasma Na
+
 
(mmol/L) 
131.7 ± 3.9 130.3 ± 4.6 135.8 ± 8.7 132.6 ± 2.1 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
Plasma K
+
 
(mmol/L) 
4.8 ± 0.2 4.9 ± 0.2 4.7 ± 0.2 4.6 ± 0.2 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
Plasma Cl
-
 
(mmol/L) 
83.9 ± 2.6 83.0 ± 3.3 87.0 ± 4.9 82.4 ± 1.8 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
OSM 
(mOsm/kg 
H20) 
261.8 ± 8.2 258.3 ± 9.4 280.8 ± 3.0 276.0 ± 4.8 
P(Trt)= NS 
P(Sex)<0.05   
 P(Int)= NS 
D
e
h
y
d
ra
ti
o
n
 
Plasma Na
+
 
(mmol/L) 
144.3 ± 8.2 146.2 ± 2.7 148.7 ± 2.1 150.4 ± 3.0 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
Plasma K
+
 
(mmol/L) 
5.5 ± 0.3 10.6 ± 4.4 5.7 ± 0.5 5.7 ± 1.0 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
Plasma Cl
-
 
(mmol/L) 
93.7 ± 5.5 93.7 ± 2.4 94.4 ± 1.5 95.6 ± 2.2 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
OSM 
(mOsm/kg 
H20) 
284.1 ± 6.6 282.6 ± 6.2 298.7 ± 4.3 298.5 ± 3.1 
P(Trt)= NS 
P(Sex)<0.01 
P(Int)= NS 
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3.4.5 Renal histology in aged offspring 
Kidney sections from aged offspring in all groups were examined by an expert 
pathologist. No overt pathologies were identified following PC:EtOH in aged kidneys. 
Representative PAS sections can be found in Figure 3.5. Both control and PC:EtOH 
animals displaying rare eosinophilic casts in the cortical tubules but without 
inflammation. There was some evidence of mild inflammation in one PC:EtOH 
female, but this was not representative of the group.  
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Figure 3.5: Representative kidney histology sections. Representative PAS sections 
(10x magnification) of offspring kidney medullary/cortex border from male (A,C) and 
female (B,D) rats at 19 months of age. Offspring were from dams treated with 
Control (A,B) or PC:EtOH diet (C,D). Scale bar is 200µm, n=3 per group. 
 
 94 
 
3.4.6 Renal gene expression 
Aqp2 mRNA expression was significantly higher in females than in males (Figure 
3.6A; Sex<0.05;). A sex x treatment interaction (PInt<0.01) and post hoc analysis 
demonstrated that Apq2 mRNA expression was increased following PC:EtOH in the 
kidneys of female (P<0.05) but not male offspring. Similarly, Avpr2 expression was 
higher in female kidneys than in males (Figure 3.7A; PSex<0.05) and post hoc 
analysis (P<0.05) indicated that PC:EtOH female offspring had increased expression 
of Avpr2 in kidneys when compared to control.  
3.4.7 Protein expression and localisation 
AVPR2 protein expression assessed by Western blot was increased in kidneys from 
female PC:EtOH offspring at 19 months (Figure 3.7B; P<0.05). AVPR2 protein was 
not increased in male offspring exposed to PC:EtOH (data not shown). Using the 
average normalised expression from 3 Western blots using fresh protein, expression 
of non-glycosylated AQP2 was increased in the kidneys of female offspring following 
PC:EtOH (Figure 3.6B; P<0.05). This was not associated with any increase in 
phosphorylated AQP2 in the kidneys of female PC:EtOH offspring.  
Immunohistochemistry of AQP2 indicated altered distribution of AQP2 in the medulla 
of kidneys from female PC:EtOH offspring (Figure 3.6E). In control female offspring 
(Figure 3.6D), AQP2 immunoreactivity was localised to the cell membrane of 
collecting ducts within both the renal medulla and the cortex. In PC:EtOH female 
offspring, AQP2 protein appeared diffusely distributed throughout the cell cytoplasm 
in the medullary collecting ducts. Localisation of AQP2 in kidneys from male 
PC:EtOH offspring was similar to that of control males and control females. 
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Figure 3.6: Aquaporin 2 expression and localisation in the kidney following 
PC:EtOH. Relative expression of Aqp2 mRNA (A, n=6-10 per group), normalised 
protein expression of AQP2 (B) and PS256AQP2 (C) in kidney lysates from female 
offspring from dams treated with control (White) or PC:EtOH diets (Black) (n=6-7 per 
group). Data are mean ± SEM. Data are analysed using two-way ANOVA with 
Bonferroni post hoc test (A) and students T-test (B,C). *P<0.05 when compared to 
same sex control. Representative images of immunofluorescent localisation of AQP2 
(green) and nuclear staining (Hoest, blue) in medullary kidney sections from female 
offspring of dams fed control (D) and PC:EtOH diets (E). In control animals, 
localisation appeared concentrated on the apical membrane of the principle cells of 
the collecting duct, while in PC:EtOH females, staining was diffuse throughout the 
cytoplasm (n=3).
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Figure 3.7: Expression of AVPR2 in the kidney following PC:EtOH. Relative 
expression of avpr2 mRNA (A, n=6-10 per group) in kidneys from 19 month old 
offspring of dams treated with control (White) or PC:EtOH (Black) diet. Average 
normalised protein expression of AVPR2 in kidney lysates from kidneys from female 
offspring at 19 months of age (B, n=6-7 per group). Data are mean ±SEM and are 
analysed using two-way ANOVA (A) and students T-test (B). *P<0.05 when 
compared to control of same sex. 
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3.5 Discussion 
The major finding of this study was that periconceptional alcohol exposure reduced 
nephron endowment in offspring and programmed long lasting functional renal 
deficits. Intriguingly, this increase in urine flow presents with age and in a sexually 
dimorphic way. The mechanism behind the increased urine flow is unlikely to be 
centrally mediated as AVP concentrations were similar between treatment groups; 
however, we identified alterations in the expression and localisation of AQP2, a key 
mediator in free water reabsorption in the kidney. Furthermore, the expression of 
AVPR2, the receptor responsible for the trafficking of AQP2, was increased in 
females only. These results suggest that the increased urine flow in females may be 
mediated by altered traffic of AQP2 to the apical membrane of principle cells within 
the collecting duct. These findings are of interest due to the large proportion of 
women consuming high levels of alcohol prior to pregnancy recognition and the 
increased burden of health costs, particularly associated with chronic kidney disease 
with age. 
We have shown previously that following PC:EtOH, fetuses are growth restricted at 
embryonic day 20 (Gardebjer et al., 2014). Here, we have shown that, whilst 
offspring tended to be smaller at PN30 they had largely caught up in weight. 
Following PC:EtOH the kidneys of offspring were smaller, with kidney:BW ratio being 
significantly reduced in male offspring at PN30, indicating disrupted or slowed kidney 
development. This reduction in kidney weight was associated with a reduction in 
glomerular number, a surrogate marker for total nephron number. Decreased 
nephron number is common following prenatal perturbation including prenatal 
glucocorticoids, undernutrition and utero-placental insufficiency (Wlodek et al., 2008; 
Gray et al., 2010; O'Sullivan et al., 2015). Following acute maternal alcohol exposure 
in the rat in mid-late gestation, male and female offspring have been shown to have 
a nephron deficit of 15% and 10% respectively (Gray et al., 2010). Prenatal 
glucocorticoids have been shown to have a large impact on nephron endowment, 
with prenatal dexamethasone decreasing endowment by 25% and prenatal 
corticosterone exposure decreasing nephron endowment by 33% in males 
(O'Sullivan et al., 2013; O'Sullivan et al., 2015). Of note, the majority of studies 
reporting alterations to nephron number use perturbations during late gestation. It is 
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therefore interesting that we have reported a reduction in nephron number despite 
the alcohol exposure being prior to kidney development and perhaps implicates 
placental insufficiency as a cause. Placental insufficiency has been shown to reduce 
nephron endowment in offspring and alcohol exposure in vitro has been shown to 
alter trophoblast survival (Moritz et al., 2009a; Kalisch-Smith et al., 2016). 
Furthermore PC:EtOH exposure causes glycogen accumulation in the late gestation 
placenta and metabolic dysfunction in offspring (Gardebjer et al., 2014; Gardebjer et 
al., 2015). It is therefore reasonable to assume that despite alcohol exposure being 
prior to organ formation; a decreased nephron endowment could contribute to later 
life disease. 
The “Brenner hypothesis” links a decrease in nephron endowment to hyperfiltration, 
leading to further damage to glomeruli and increases in blood pressure associated 
with poor sodium balance (Brenner et al., 1988). Prenatal alcohol delivered by 
gavage at E13.5 and 14.5 in rats decreased nephron number, altered glomerular 
filtration rate and increased mean arterial pressure in offspring by 10% at six months 
of age (Gray et al., 2010). When measuring blood pressure in 12 month old mice, 
both prenatal dexamethasone and corticosterone have been associated with 
alterations in blood pressure (O'Sullivan et al., 2013; O'Sullivan et al., 2015). 
Intriguingly, dexamethasone caused a small increase in MAP (~3mmHg) while 
corticosterone caused hypotension in male offspring despite with a 33% reduction in 
glomerular number. Despite observing a decreased nephron endowment following 
PC:EtOH (~9% in males and ~6% in females), we did not observe alterations in 
offspring blood pressure profiles when measured by radiotelemetry. This finding was 
not perhaps surprising as the nephron deficit was less than other models linking 
nephron number to altered blood pressure or advanced renal injury. We speculate 
that a secondary lifestyle insult such as a high salt or high fat diet may be required to 
induce hypertension following PC:EtOH. 
Although great importance has been placed on the number of nephrons per kidney, 
the impact of prenatal insults on the associated renal tubular system has not been 
examined in great detail. Following a fetal uni-nephrectomy leading to a ~30% 
reduction in nephrons, male sheep offspring exhibit decreased ability to concentrate 
urine, linked with decreased expression of AQP2 and AVPR2 in the kidney (Singh et 
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al., 2011). Given the small decrease in nephron endowment following PC:EtOH we 
therefore explored the urine function in offspring, to assess electrolyte 
concentrations and response to dehydration in blood and urine. At six months of age 
we observed no alterations to urine flow either during hydrated or dehydrated 
conditions which was surprising given the literature linking prenatal perturbations, 
including alcohol, to early life renal deficits. Low protein diet throughout pregnancy 
has been shown to cause reduced in-utero growth, followed by catch up growth in 
offspring with consequent increases in urine production, salt excretion and water 
intake at 60 days in age (Alwasel et al., 2012). Furthermore, 35% ethanol derived 
calories from day 6 of gestation induced growth restriction at birth and by 3 months 
of age, offspring had increased fractional sodium excretion and decreased fractional 
potassium excretion, a phenotype that was exacerbated during sodium restriction 
(Assadi et al., 1991). A late gestation binge-like model of alcohol exposure (2.0g/kg) 
has been shown to decrease basal sodium and potassium concentrations in urine at 
PN30 as well as alterations to neural activity in the arginine vasopressin (AVP) cells 
of the PVN in offspring (Godino et al., 2015). While many studies report altered 
kidney function in young animals, there is evidence that urinary concentrating ability 
can worsen with age both in models of absence epilepsy and following fetal uni-
nephrectomy (Combet et al., 2001; Singh et al., 2011). Furthermore, impairments in 
the ability to concentrate urine has been shown to be an early marker of renal 
disease in children (Garcia Nieto et al., 2008).  
This led us to repeat the renal function studies in the same animals at an advanced 
age. At 19 months of age, urine flow in females exposed to PC:EtOH was higher, 
and this persisted during a 24 h dehydration challenge. Similar results have been 
reported in 3-month old offspring following prenatal alcohol exposure (35% ethanol 
derived calories) from days 7-22 of pregnancy (Knee et al., 2004). The authors 
attributed the increased urine flow to increased expression of Avp mRNA in the 
pituitary, but found no alteration to circulating basal plasma AVP levels indicating a 
partial diabetes insipidus phenotype. Using the previously described model, 
prenatally alcohol-exposed rats had a reduced AVP response to haemorrhage 
suggesting changes in regulation of AVP secretion under volume stress. This was 
associated with decreased hypothalamic and pituitary AVP content, with no changes 
to blood pressure (Bird et al., 2006). In our model, PC:EtOH did not alter plasma 
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AVP levels, either basally or during a dehydration (osmotic) challenge, suggesting 
inappropriate AVP production and/or release is not the cause of the increased urine 
flow in PC:EtOH females.  
Despite strong links between prenatal alcohol exposure and alterations to AVP, 
PC:EtOH did not alter plasma AVP levels, either basally or during a dehydration 
challenge. We have previously published in this model that periconceptional 
PC:EtOH can cause a ‘prediabetes’ insulin insensitive state in both male and female 
offspring (Gardebjer et al., 2015). Interestingly, a rat model of diabetes mellitus has 
reported increased inner-medullary AQP2, phosphorylated AQP2 and AQP3 
associated with an increase in water intake and urine flow (Nejsum et al., 2001). 
Interestingly, at six months PC:EtOH did not change water consumption. However, 
at 19 months of age female PC:EtOH exposed offspring consumed more water 
during metabolic cage experiments. We have also reported an increased water 
intake in females of the same cohort of animals at 12 months of age when in their 
home cage (Chapter 6, Dorey et al., 2017). 
Water homeostasis and free water movement into the urine filtrate is a tightly 
regulated process in which AQP2 abundance in the apical membrane is the rate 
limiting step. AVP acts on the V2 receptor of principle cells of the collecting duct in 
order to allow for free water reabsorption from the filtrate. This leads to 
phosphorylation of vesicle held AQP2, allowing an increase in water reabsorption 
into the cell and through to the plasma (for review, see (Moeller & Fenton, 2012)). 
Given the increase in both mRNA and protein of AVPR2, we were interested to 
explore if phosphorylation and trafficking of AQP2 was occurring appropriately upon 
binding of AVP to AVPR2. While there was a tendency for phosphorylated AQP2 to 
be increased, it did not reach significance. This indicated that AQP2 may not be 
trafficking appropriately, explaining the sustained increase in urine flow. The 
movement of AQP2 within the cell is a complex process, with studies exploring a 
calcineurin Aα knock out mouse exhibiting normal expression of AQP2, but altered 
phosphorylation and trafficking (Gooch et al., 2006). Using qualitative AQP2 
immunofluorescence, we demonstrated a clear affect of PC:EtOH on AQP2 
localisation with it being more diffuse and less localised to the apical membrane of 
principle cells. Further to this, phosphorylation at PS256AQP2 is known to be both 
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necessary and sufficient to cause membrane accumulation of AQP2 (Arthur et al., 
2015). These results suggest that while increases in AQP2 expression occurred, 
altered trafficking slightly decreased water reabsorption in the collecting duct leading 
to increased urine flow without alterations to osmolality.  
Another explanation for the increase in AQP2 expression within the kidney lies within 
the lengths of the individual tubule segments within the nephron. AQP2 is expressed 
almost exclusively within the collecting duct, and has been shown to be post 
transcriptionally downregulated with age in females (Combet et al., 2008). Using a 
novel method of determining tubule lengths, it was shown in a male CD1 mouse 
model that collecting duct length increased significantly between postnatal day 21 
and two months of age (Walton et al., 2016a). Unpublished data from our laboratory 
has utilised this method to show that total collecting duct length in kidneys of female 
offspring did not differ between control and PC:ETOH at PN30 and 19 months of age 
(Data not shown). This suggests that the increase in urine flow in female PC:ETOH 
offspring was not the result of deficits in collecting duct elongation.  
We demonstrated that not only does urine flow worsen with age following PC:EtOH, 
but that it does so in a sex-specific manner, a finding which is common within the 
field of developmental programming. Indeed, females ordinarily have higher levels of 
AVPR2 in the kidney (Liu et al., 2011), indicating a mechanism by which urine flow 
was altered in offspring. Furthermore, ovariectomised female rats displayed higher 
phosphoryated-AQP2 in their kidneys and cell culture has shown that direct estrogen 
stimulation decreased renal AQP2 mRNA and protein (Cheema et al., 2015). 
Interestingly expression of ERα was shown to be important in mediating the 
inhibitory action of oestradiol on AQP2 expression. These studies suggest that whilst 
circulating AVP were unchanged following PC:EtOH, circulating estrogen may be 
impacted, which could contribute to the altered AQP2 results.  
3.6 Limitations and future directions 
Our studies were done irrespective of the stage of the oestrus cycle which could 
influence the renal function of offspring as well as expression of key aquaporin’s. A 
more detailed analysis of the movement of aquaporin 2 within the kidney following 
PC:EtOH will help get to the bottom of potential mechanisms. Given that both 
estrogen and actions of the RAS have been shown to be altered in studies exploring 
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the water concentration abilities of AQP2, exploration of these pathways would be 
beneficial to understanding any underlying pathology. 
3.7 Conclusion 
Our study was the first to show that alcohol administration limited to the time around 
conception can alter renal function in aged animals. It highlights how a 
periconceptional perturbation can cause sex specific changes to physiology and 
urine flow in a circulating-AVP independent manner. Furthermore, it demonstrates 
the importance of avoiding alcohol when planning a pregnancy due to long term 
health consequences for offspring. 
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Chapter 4 
Periconceptional alcohol alters in vivo heart function and expression of 
estrogen receptor alpha. 
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4.1 Abstract 
Alcohol exposure throughout gestation has been shown to be detrimental to cardiac 
development and function. Although many women decrease consumption of alcohol 
upon pregnancy recognition, exposure during the periconceptional period is 
common. This study aimed to determine if periconceptional alcohol exposure 
(PC:EtOH) caused changes to heart function in adulthood and to examine 
mechanisms that may lead to altered cardiac function. We hypothesised that 
development of cardiac dysfunction in response to periconceptional alcohol 
exposure (PC:EtOH) may be different between males and females and this may be 
associated with altered expression of estrogen regulated genes.  
Sprague Dawley rats were given either a control liquid diet or 12.5%v/v ethanol diet 
from four days before mating until four days after mating (PC:EtOH). Subsets of 
offspring were killed at postnatal day 30 and 8 months of age for collection of cardiac 
tissue. At 12 months, offspring underwent echocardiography to assess heart 
function. Animals were then killed and hearts collected and the left ventricle 
dissected for qPCR analysis to quantify mRNA expression of key genes involved in 
fibrosis and collagen deposition, as well as regulation of estrogen signalling. Western 
blot analysis was used to determine expression of proteins including IGF1Rα and 
HSP90. In a separate cohort of animals aged 5 to 7 months, a series of Langendorff 
perfusion experiments were completed to explore the cardiac physiology in an ex 
vivo environment. Pressure volume curves and reactive hyperaemia experiments 
were used to explore baseline function and 15 minute global ischemia reperfusion 
experiments used to investigate the reaction to cardiac stress. 
Following PC:EtOH exposure, the relative heart weight of fetuses was increased at 
embryonic day 20 (E20; P<0.01) with post hoc analysis indicating the difference was 
in female offspring (P<0.01). Relative heart weight was not altered by PC:EtOH at 
postnatal day 30 (PN30). Echocardiographic analysis demonstrated female PC:EtOH 
offspring had increased left ventricular internal diameter during systole (LVIDs, 
P<0.05), reduced cardiac output (P<0.05) and a trend toward reduced fractional 
shortening (P=0.08). Male PC:EtOH offspring, however, had normal heart function. 
PC:EtOH increased left ventricular expression of the type 1 estrogen receptor, ESR1 
(PTrt<0.05), predominantly in female offspring as well as an increase in plasma 
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estrogen levels (P<0.05) . Overall, PC:EtOH increased left ventricular expression of 
HSP90a and Agtr1a (PInt<0.05) with post hoc analysis indicating an increase in 
females (P<0.01). Using Langendorff perfusion techniques, it was demonstrated that 
PC:EtOH male offspring had vascular hyper-responsiveness to a short period of 
ischemia (PInt<0.05). There was no effect of PC:EtOH on the pressure volume 
relationship, or on recovery from ischemia reperfusion in male offspring. 
Interestingly, female PC:EtOH offspring had a higher end diastolic pressure at the 
end of reperfusion following prolonged global ischemia 
The results show that PC:EtOH can have long lasting effects on in vivo heart 
function of female offspring. Interestingly, these functional alterations were 
associated with increased expression of estrogen related genes in the LV. Given ex 
vivo heart function in younger animals was largely not altered by PC:EtOH, the 
results suggest that hormonal influences, such as decreased circulating estrogen, 
may be underlying this altered function. This is of particular interest given that the 
incidence of cardiovascular disease increases steeply in post-menopausal women 
and suggests that PC:EtOH can influence progression of age related heart 
dysfunction.  
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4.2 Introduction 
Cardiovascular diseases (CVD), including coronary heart disease, stroke and 
vascular diseases impacts 1 in 5 Australians. Of these conditions, coronary heart 
disease (CHD) has the highest rate of hospitalisation and effects 3.6% of all 
Australians (AIHW 2016). Whilst there has been a large decrease in mortality from 
CHD since the 1970’s, the decline has begun to decelerate in countries around the 
world, including Australia (Mensah et al., 2017). This indicates that while reductions 
in modifiable risk factors such as smoking may be helping limit the burden of 
disease, there are other causes contributing to CHD. Decreased weight at birth as 
well as weight at one year of age has been shown to be associated with the risk of 
death from ischemic heart disease in adult life (Barker et al., 1989). Further to this, 
being born underweight with accelerated growth in the proceeding 7 years after birth 
greatly increased the odds of death from coronary heart disease (Eriksson et al., 
1999). With these studies, Barker and colleagues led the way for researchers to 
investigate how influences leading to a low birth weight and accelerated postnatal 
growth in offspring could lead to life-long cardiovascular risk.  
Animal studies have been utilised to further investigate maternal perturbations on 
offspring cardiac health. Following a low protein diet during pregnancy, rat offspring 
were born smaller, their hearts weighed less and they had decreased cardiomyocyte 
endowment (Corstius et al., 2005). Reductions in the heart to body weight ratio in 
male offspring at 21 days and increased heart weight to body weight ratio and lower 
ejection fraction in both male and female offspring at 22 months have been linked to 
functional deficits following under-nutrition during pregnancy in the rat (Rodriguez-
Rodriguez et al., 2017). Using a baboon model, it has also been shown that reduced 
nutrition throughout gestation can lead to both systolic and diastolic dysfunction in 
adult animals that mimics accelerated aging (Kuo et al., 2017). Similarly, the 
offspring of rats with maternal diabetes (high fat diet from 28 days prior to mating 
and Streptozotocin at gestational day 14) developed a reduced ejection fraction, a 
decreased shortening fraction as well as diastolic dysfunction without changes to 
cardiac output (Mdaki et al., 2016). Together, these studies demonstrate both 
nutrient excess and deprivation can alter heart function in offspring.  
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Studies of heart function have also used ex vivo perfusion apparatus (Langendorff 
perfusion apparatus) to develop a greater understanding of cardiac responses to 
stress such as ischemia and stretch. Rats subjected to 50% maternal protein 
restriction (90g casein/kg), in addition to developing hypertension, exhibited blunted 
recovery from 30 minute global no flow ischemia ex vivo. Male, but not female, 
offspring exposed to in utero protein restriction had reduced left ventricular 
developed pressure (LVDP) during reperfusion, indicating an inability to re-establish 
cardiac output following ischemia (Elmes et al., 2007). Similarly, maternal nicotine 
from day four of pregnancy blunted the recovery of both male and female offspring 
from a 25 min global ischemia, with decreased %LVDP recovery and increased left 
ventricular end diastolic dysfunction (LVDP). Interestingly, female offspring showed 
decreased baseline LVDP, heart rate (HR) and coronary flow (Lawrence et al., 
2008). In addition to these functional deficits, perturbations throughout pregnancy 
have been linked to increases in cardiac fibrosis and collagen deposition, and many 
of the reported outcomes are sex specific (Elmes et al., 2007; Lawrence et al., 
2008). The origin of sex specific disease outcomes is highly debated. However given 
that prenatal perturbations such as protein restriction (Sathishkumar et al., 2012) and 
late gestation alcohol exposure (Polanco et al., 2010) have been shown to alter 
circulating levels of estrogen in offspring, this opens an important avenue of 
investigation. 
Whilst anatomical and physiological deficits throughout gestation have been well 
studied, less is known about the impact of a perturbation around the time of 
conception. Given that a large percentage of pregnancies are unplanned, many 
pregnancies are being exposed to stressors prior to pregnancy recognition, during 
the periconceptional period. A recent report states that approximately 60% of 
pregnancies are exposed to alcohol during early development (McCormack et al., 
2017). Lamb fetuses exposed to alcohol during the second half of pregnancy (days 
95-133) had an increased relative heart weight, a decrease in cardiomyocyte 
endowment, an increase in cardiomyocyte cross sectional area and an increase in 
fibrotic markers in the adult left ventricle (Goh et al., 2011). Rat offspring exposed to 
a low dose alcohol throughout gestation demonstrated increases in anterior and 
posterior wall thickness of the left ventricle during diastole assessed by 
echocardiography indicating hypertrophy as well as increased fibrosis in the left 
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ventricle (Nguyen et al., 2014). Before the commencement of this thesis, it was 
unknown if alcohol exposure during the periconceptional period would program 
deficits in function in adult life, either in vivo or ex vivo.  
The aim of this study was to explore the effect of periconceptional alcohol exposure 
on heart growth, function and pathology and to investigate potential mechanisms that 
might contribute to the possible sexually dimorphic outcomes. 
4.3 Methods 
4.3.1 Ethics statement: 
All experiments were performed at the University of Queensland and were approved 
by the University of Queensland Anatomical Bioscience Animal Ethics Committee. 
4.3.2 Animal model 
All details of animal breeding, including periconceptional diet administration have 
been detailed in General Methods. In brief, virgin female Sprague Dawley rats were 
given free access to either a 12.5%v/v EtOH diet (PC:EtOH) or control diet from 4 
days before mating to 4 days after mating. Offspring were weaned and placed onto a 
standard rat chow. In this study, two cohorts of animals were used: Cohort 1; 
included animals for all experiments other than Langendorff reperfusion experiments 
and consisted of n=12 PC:EtOH dams and n=12 Control dams. Cohort 2, used for 
the Langendorff reperfusion, pressure volume and reactive hyperaemia experiments 
consisted of n=9 PC:EtOH dams and n=8 Control dams. 
4.3.3 Animal growth and tissue collection 
At E20, a subset of treated dams were used for collection of embryonic tissue. Dams 
were heavily anesthetised using 50:50 ketamine:Xylazine (0.1ml/100g). Upon 
abolition of reflexes, the abdomen was opened and fetuses removed for dissection. 
Embryonic hearts were dissected and weighed, with heart weights of male and 
female fetuses being averaged separately for each litter.  
At postnatal day 30 and at eight months of age, a subset of offspring were heavily 
anesthetised using ketamine, xylazine (50:50; 0.5ml/100g BW), were weighed and 
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had organs collected. At 8 months of age, measurements of left ventricle thickness 
were made using digital callipers and a sample of the left ventricle was fixed in 4% 
paraformaldehyde for histology. In the remaining animals, after completion of all 
experiments at 19 months of age, offspring were fasted overnight, heavily 
anesthetised with sodium pentobarbital (Lethobarb). The heart was excised; the 
ventricle isolated and measured, snap frozen and stored at -80°C for future mRNA 
and protein analysis. Relative heart weight was calculated by normalising to body 
weight.  
4.3.4 Histology 
Fixed left ventricular samples (n=4 per treatment group) were processed into paraffin 
and sectioned at 4µm before being stained using Masson’s Trichrome for preliminary 
analysis of fibrosis. 
4.3.5 Echocardiography 
Echocardiography was performed at 12 months of age on 8 rats per sex per 
treatment group. Rats were weighed prior to commencement of the 
echocardiograms. Anaesthesia was induced using Isofluorane (5%) and then 
maintained at 2% in 100% oxygen via a nose cone. Rats were laid supine on a 
heated pad before the thoracic wall was shaved. Echocardiography was completed 
using a Philips HD15 ultrasound unit and high-frequency (15 MHz linear array 
transducer) probe (Philips; Amsterdam, The Netherlands). Echocardiography was 
completed with the assistance of a veterinary cardiologist (Dr Fiona Campbell) as 
described in previous publications (Nguyen et al., 2014). Measurements were taken 
in accordance to the American Society of Echocardiography using the leading edge 
method over 3-5 consecutive cardiac cycles minus mitral valve opening (MVc-MVo). 
The values measured included intraventricular septal width during diastole (IVSd), 
left ventricular internal diameter during diastole (LVIDd), left ventricular posterior wall 
at the end of diastole (LVPWd), left ventricular internal diameter during systole 
(LVIDs). Heart rate was calculated using the R to R interval in consecutive QRS 
complexes and averaged over 3 intervals of a simultaneously recorded ECG. 
Doppler spectral profiles were used to measure isovolumetric relaxation time (IVRT), 
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mitral valve closure ventricular outflow allowing aortic ejection time (Ao ET) and the 
aortic velocity time integral (Ao VTI) with aortic cross sectional area (Ao CSA) also 
measured. Using established formula (Feigenbaum, 1989), fractional shortening (FS) 
was calculated from LVIDd and LVIDs. The product of AoCSA, AoVTI and heart rate 
allowed calculation of Cardiac output (CO). Myocardial perfusion index (MPI) was 
determined by ((MVc-MVo)-AoET)*AoET. 
4.3.6 Plasma analysis 
During post mortem at 19 months of age, a cardiac puncture was performed on 
female offspring for the purposes of plasma estradiol measurement. Whole blood 
was treated with heparin and plasma collected and stored at -20°C until analysis. 
Plasma estradiol-17beta concentrations were measured using a commercially 
available radioimmunoassay (DSL4800, Ultra-sensitive Oestradiol RIA, Beckman 
Coulter; Range 0;5-750 pg/mL; intra-assay C.V <9%, inter-assay C.V≤ 12.2%), 
following the manufacturer’s instructions. 
4.3.7 Gene expression analysis 
RNA was extracted from samples of left ventricle using an RNeasy extraction kit 
(Qiagen) and cDNA was synthesised using an IScript reverse transcription kit (Bio-
Rad) as per the manufacturer’s instructions (see General methods). The mRNA 
expression levels of insulin like growth factor 1 (IGF-1; rn00710306_m1), angiotensin 
II receptor type 1a (Agtr1a; Rn02758772_s1), estrogen receptor alpha (ESR1; 
rn01640372_m1), heat shock protein 90 alpha (HSP90αα; rn00822023_g1), 
glucocorticoid receptor (NR3C1; rn00566193_m1) and mineralocorticoid receptor 
(NR3C2; rn00585577_m1) were measured. Data was analysed using the ∆∆Ct 
method with Actb used as an endogenous control. 
4.3.8 Protein analysis 
Protein was extracted from samples of left ventricle using a commercially available 
lysis buffer (Cell Signalling Technology, Massachusetts, USA). Protein 
concentrations were established using the Bio-Rad protein assay. 20µg samples 
were loaded onto 10% polyacrylamide gels and subjected to SDS-Page run at 130-
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180 volts. Protein was transferred from gels to PVDF membranes which were then 
incubated with Odyssey blocking buffer (Millipore) for 1 hr. Primary antibodies raised 
in rabbits for IGF1Rα (N-20, sc-712, Santa Cruz Biotechnology, 100µg/ml), pAKT 
(Ser473, S473, Cell Signalling Technology, 1:1000), AKT1 (2H10, Cell Signalling 
Technology, 1:1000), HSP90 (C45G5, Cell Signalling Technology, 1:1000) were then 
applied overnight at 4 degrees. ACTB (Cat. No. A2228, Sigma Aldrich, Sydney, 
Australia, 66.6µg/ml) was applied for 1 hr at room temperature before incubation with 
secondary antibodies (LI-COR IRDye 680 goat anti-rabbit and IRDye 800CW goat 
anti-mouse, Millennium Science, Mulgrave, Australia) for 1 hr. These membranes 
were then visualised using the LI-COR Odyssey infrared imaging system (LI-COR 
Biosciences, Lincoln, NE, USA). Densitometric analysis was performed with protein 
concentrations normalised to ACTB. 
4.3.9 Isolated heart perfusion (Langendorff) experiments 
A second cohort of animals were used for examination of ex vivo heart function using 
a Langendorff reverse perfusion assay. Prenatal treatment was as previously 
described. Offspring (n=14-18 per sex, per treatment group) between 5-7 months 
were anesthetised with a mix of ketamine (10mg/100g) and xylazine (1.6mg/100g) 
until non-responsive. The heart was excised and placed in ice cold buffer (modified 
Krebs-Henseleit buffer; 119mM NaCl, 11 mM Glucose, 22mMNaHCO3, 4.7mMKCl, 
1.2mM MgCl, 1.2 mM KH2PO4, 0.5mM EDTA, 1.85mM CaCl). The aorta was then 
cannulated to allow retrograde perfusion into the heart using a Langendorff perfusion 
apparatus. Perfusion was maintained at 80mmHg with the buffer kept to a constant 
temperature (37-37.4 °C) and gas concentration maintained by bubbling with O2-CO2 
(5%CO2 in O2). The left atrial appendage was removed allowing a water filled balloon 
attached to a pressure sensor to be inserted into the left ventricle for data collection. 
The heart was then immersed in buffer within a water jacket temperature regulated 
water bath.  
Two sets of experiments were performed using the Langendorff system: 
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4.3.9.1 Reactive hyperaemia and pressure volume 
At five months of age, a subset of hearts (n=7-9 per sex per group) underwent 
assessment of reactive hyperaemia experiments followed by examination of the 
pressure volume relationships. Systolic pressure (SP) was set at 0mmHg preceding 
a 20 min equilibration period. Following equilibration, flow was stopped, inducing 
global ischemia for 30 seconds, before flow was returned for 5 min. Following 5 min 
reperfusion, flow was occluded for 60 seconds before being re-perfused.  
To examine the pressure volume relationship, once baseline flow had returned to 
baseline, the heart was paced at 300BPM, the balloon was adjusted to SP<0 and the 
heart was equilibrated for 15 min. A glass Hamilton syringe was used to increase the 
volume incrementally within the balloon every 2 min. The first 7 increments were 
10.1µl, followed by increments of 20.2µl until the EDP reached 25mmHg. 
4.3.9.2 Ischemia reperfusion 
At 7 months of age, a subset of experiments were performed to investigate the 
response to global ischemia. Following a 15 min equilibration, the heart was paced 
at 300BPM for 15 min prior to ischemia and a sample of buffer was collected for a 
baseline assessment of lactate dehydrogenase (LDH), a marker of cell death. Global 
no-flow ischemia was induced for 15 min, during which pacing was stopped. After 15 
min hearts were perfused for 60 min. Two min after reperfusion commenced, a 
second LDH sample was collected and pacing recommenced. Buffer was collected 
before occlusion and throughout the reperfusion into an ice cold bath and a sample 
collected at the end of the experiment for a final LDH measurement.  
4.3.10 Data analysis 
EDT, systolic pressure (SP), developed pressure (DP), dP/dt max and min were 
extracted from the traces recovered. Post-ischemic data was normalised to pre-
ischemic, paced values. 
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4.3.11 Lactate dehydrogenase assay 
Effluent samples from the organ bath were collected prior to ischemia, directly post 
ischemia and at the end of reperfusion as described above. End reperfusion effluent 
was collected on ice throughout the reperfusion period. Samples were analysed for 
LDH using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Cat #G1780, Promega, 
WI, USA) as per manufacturer’s instructions, with a standard derived from L-Lactic 
Dehydrogenase from bovine heart (Cat #L2625, Sigma-Aldrich, Castle Hill, AUS).  
4.3.12 Statistics 
Organ weight and gene expression data were analysed by two-way ANOVA with sex 
and treatment as variables, with Bonferroni post hoc analysis used where 
appropriate. Western blots and echocardiography data were analysed using students 
t-tests independently for each sex. Langendorff experiments were analysed using 
repeated measures two-way ANOVA with time and treatment as factors, with 
Bonferroni post hoc analysis. Data are presented as mean ± SEM. 
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4.4 Results 
4.4.1 Heart growth following PC:EtOH exposure 
 At embryonic day 20 (E20), there was no effect of PC:EtOH of average litter heart 
weight (Figure 4.1A), though female offspring had smaller hearts than males 
(PSex<0.05). Our laboratory has previously identified that PC:EtOH induced 
decreases in body weight at E20 (Gardebjer et al., 2014). Together this resulted in 
increased heart weight relative to body weight, following PC:EtOH (Figure 4.1D; 
PTrt<0.01), with post hoc analysis indicating this was significant in females (P<0.01). 
At PN30, average heart weight was lower in the PC:EtOH group (Figure 1B; 
PTrt<0.05) with hearts from female offspring weighing less than that of male 
offspring regardless of treatment (Figure 4.1B; PSex<0.01). However, hearts were 
small in proportion to body size as relative heart weight (Figure 4.1E) was not 
different between treatment groups at PN30. At eight months of age, PC:EtOH 
exposure did not change heart weight, relative heart weight or left ventricle thickness 
(Figure 4.1C, F-G respectively). Both heart weight and left ventricle thickness was 
lower in females compared to males (Figure 4.1C, G; PSex<0.05), but relative heart 
weight was higher (Figure 4.1F; PSex<0.05).  
4.4.2 Heart morphology at 8 months 
At eight months of age, there were no overt signs of pathology, such as fibrosis as 
evaluated by masons trichrome staining following PC:EtOH exposure in either male 
or female offspring (Figure 4.2). 
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Figure 4.1: Heart growth following PC:EtOH. Heart weight (A) and relative heart 
weight at E20 (D); heart weight (B) and relative heart weight (E) at PN30; heart 
weight (C), relative heart weight (F) and left ventricle thickness (G) at 18 months. 
Male and female offspring from dams that consumed a control (white) or PC:EtOH 
diet (black). Data are presented as mean±SEM, n=9-11 per group. Data were 
analysed using two-way ANOVA with Bonferroni post hoc testing. **P<0.01 when 
compared with control of the same sex. 
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Figure 4.2: Representative left ventricle sections from offspring at 8 months stained 
with Masson’s trichrome. Left ventricular tissue from offspring dams fed control diet; 
male (A) and female (B) and tissue from offspring of dams fed PC:EtOH diet; male 
(C) and female (D). Scale bar is 250µm. 
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4.4.3 In vivo heart function at 12 months 
Due to the differences in weight between male and female offspring, 
echocardiography data were analysed separately for each sex. PC:EtOH increased 
left ventricular internal diameter during systole (LVIDs) in female offspring compared 
to control (Figure 4.3B; P<0.05). Cardiac output was also reduced in female 
PC:EtOH offspring (Figure 4.3F; P<0.05) and fractional shortening tended to be 
decreased (Figure 4.3D; P=0.08). All other parameters were unchanged in females 
(Table 4.1). In males, PC:EtOH decreased HR in anesthetised offspring (Table 4.1, 
P<0.01), but no other parameters were altered.  
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Figure 4.3: Key markers of cardiac function measured by echocardiography at 12 
months of age. Left ventricular internal diameter during systole (LVIDs, A,B), 
fractional shortening (C,D) and cardiac output (E,F) in male (A,C,E) and female 
(B,D,F) offspring. Offspring from dams that consumed a control (white) or PC:EtOH 
diet (black). Data are analysed using students t-test. Data are presented as 
mean±SEM, n=8 per group, *P<0.05 when compared to controls of the same sex. 
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Table 4.1: Echocardiographic parameters comparing control and PC:EtOH offspring 
at 12 months of age. 
 
Control 
Male 
(Mean±SEM) 
PC:EtOH 
Male 
(Mean±SEM) 
Statistics 
(P Value) 
Control 
Female 
(Mean±SEM) 
PC:EtOH 
Female 
(Mean±SEM) 
Statistics 
(P Value) 
HR(BPM) 325±10 296±8 P<0.01 328±12 333±9 NS 
IVSd(mm) 1.71±0.1 1.8±0.1 NS 1.55±0.1 1.45±0.1 NS 
LVIDd(mm) 8.55±0.4 8.92±0.1 NS 7.11±0.2 7.28±0.2 NS 
LVPWd(mm) 1.78±0.1 1.99±0.1 NS 1.67±0.03 1.56±0.1 NS 
Ao(mm) 3.82±0.2 3.91±0.1 NS 3.27±0.1 3.13±0.1 NS 
Ao CSA 11.6±1 12.05±0.5 NS 8.42±0.4 7.71±0.3 NS 
IVRT (msec) 28.36±1.2 29.13±1.2 NS 28.85±1.7 27.45±1.4 NS 
MVc-
MVo(msec) 
106.5±2.4 112.63±4.4 NS 110.56±3 109.15±3.6 NS 
MPI 0.27±0.1 0.3±0.1 NS 0.45±0.03 0.44±0.04 NS 
Ao Vmax 
(m/s) 
118±4.9 113.74±4.0 NS 106.21±3.7 98.84±6.4 NS 
Ao ET(msec) 84.92±3.6 86.7±2.1 NS 76.73±2.9 75.61±1.5 NS 
Ao VTI (cm) 6.89±0.2 6.87±0.4 NS 5.74±0.3 5.17±0.5 NS 
IVCT (msec) 21.87±1.2 21.73±0.7 NS 22.13±1 20.13±2.1 NS 
Data were analysed using students t-tests compared to same sex control. Heart rate 
(HR), Intraventricular septal width during diastole (IVSd), Left ventricular internal 
diameter during diastole (LVIDd), Left ventricular posterior wall end diastole 
(LVPWd), Left ventricular internal diameter during systole (LVIDs), Fractional 
shortening (FS), Aorta (Ao), aortic cross sectional area (Ao CSA), Isovolumetric 
relaxation time (IVRT), Mitral valve closure- Mitral valve opening (MVc-MVo), 
myocardial perfusion index (MPI), aortic peak velocity (Ao Vmax), aortic ejection time 
(Ao ET), aortic velocity time integral (Ao VTI), isovolumtric contraction time (IVCT). 
n=8 per group. 
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4.4.4 Heart pathology and gene and protein expression in aged animals  
4.4.4.1 Cardiac hypertrophy 
At 19 months of age, PC:EtOH did not alter relative heart weight in offspring (Figure 
4.4A). Females had higher relative heart weights (Figure 4.4A; PSex<0.01) 
regardless of treatment. Interestingly, there was an interaction between sex and 
treatment in aged offspring for left ventricle thickness (Figure 4.4B; PInt<0.05). This 
was due to a 23% increase in the left ventricular thickness in the PC:EtOH females 
compared to control females. 
4.4.4.2 Fibrosis and apoptosis 
At 19 months of age, PC:EtOH did not alter mRNA expression of the hypertrophy 
marker Igf1 (Figure 4.4C) in the hearts of offspring of either sex. Igf1 expression was 
lower in female offspring when compared to males, regardless of treatment group 
(Figure 4.4C; PSex<0.001). Protein expression of IGF1R was not different following 
PC:EtOH exposure in female offspring (Figure 4.4D). Expression of Agtr1a was 
altered in a sex specific manner (Figure 4.4E; PInt<0.05), post hoc analysis revealed 
an increase in expression in PC:EtOH female offspring when compared to control 
offspring of the same sex (P<0.05). Apoptosis mediator caspase-3 and collagen type 
1 were not altered following PC:EtOH (data not shown). 
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Figure 4.4: Heart weight, thickness and cardiac pathology markers at 19 months of 
age. Heart weight (A), left ventricular thickness (B), mRNA expression of insulin-like 
growth factor 1 (Igf1, C), protein expression of insulin-like growth factor 1 receptor 
alpha (IGF1R alpha, D) and mRNA expression of angiotensin II receptor type 1a 
(Agtr1a, E) in the left ventricle from male and female rats at 19 months. Offspring 
from dams fed a control (white) or PC:EtOH diet (black). Data are analysed by 2-way 
ANOVA with Bonferroni post hoc analysis (A, B, C, E) or students t-test (D) and 
represented as mean ± SEM, n=6-7 per group. *P<0.05 when compared to same 
sex control. 
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4.4.5 Cardiac expression of estrogen related genes and plasma estrogen levels 
PC:EtOH increased cardiac mRNA expression of Esr1 (Figure 4.5A; PTrt<0.05) with 
post hoc analysis revealing the increase was in female PC:EtOH offspring (P<0.05). 
Expression of Hsp90aa was altered in a sex specific manner (Figure 4.5B; 
PInt<0.05), post hoc analysis revealed an increase in expression in PC:EtOH female 
offspring when compared to control offspring of the same sex (P<0.01). Expression 
of both Esr1 and Hsp90aa was increased in female offspring when compared to 
male offspring regardless of treatment (PSex<0.001, PSex<0.05 respectively). 
Protein expression of HSP90a in the cardiac tissue of female offspring exposed to 
PC:EtOH was increased, by ~50% although this did not reach statistical significance 
(Figure 4.5E; P=0.30). There was no effect of either PC:EtOH exposure or sex on 
expression of Nr3c1 or Nr3c2 expression in the left ventricle of offspring (Figure 
4.5C-D). PC:EtOH exposure increased circulating estradiol-17beta in the plasma of 
female offspring at 19 months of age (Figure 4.5F; P<0.05). 
4.4.6 Protein analysis 
PC:EtOH did not affect protein concentrations of AKT or pAKT (Figure 4.6A-C), in 
the LV of female offspring.  
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Figure 4.5: Left ventricle expression of estrogen related genes and proteins. 
Relative mRNA expression of estrogen receptor alpha (Esr1, A), heat shock protein 
90 (Hsp90aa, B), glucocorticoid receptor (Nr3c1, C) and mineralocorticoid receptor 
(Nr3c2, D) in male and female offspring. Protein expression of HSP90 (E) in the left 
ventricle and plasma Estradiol-17beta levels of females at 19 months (F). Offspring 
from dams fed control (white) or PC:EtOH (black) diet. Data analysed by two-way 
ANOVA with Bonferroni post hoc analysis (A, B, D) or students t-test (C) and 
represented at mean ± SEM, n= 6-8 per group. *P<0.05, **P<0.01 when compared 
to control of same sex. 
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Figure 4.6: Protein expression of AKT proteins in the left ventricle. Protein 
expression of pAKT (A), AKT1 (B) and pAKT:AKT1 (C) in the left ventricle of female 
offspring from dams fed a control (white) or PC:EtOH diet (black). Data are mean ± 
SEM, n=6 per group. Data were analysed using a students t-Test. 
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4.4.7 Ex vivo heart function 
In order to evaluate the ex vivo function of the heart, Langendorff perfusion assays 
were performed. We focussed on reactivity of coronary vessels using reactive 
hyperaemia experiments, evaluation of the pressure volume relationships and 
response to ischemia. 
4.4.7.1 Reactive hyperaemia 
Following the first 30 second ischemic event, flow increased rapidly and over the 
next 2.5 min declined to pre-ischemic values (Figure 4.7A,B; PTime<0.0001). 
However, there was no effect of PC:EtOH on flow in either male (Figure 4.7A) or 
female offspring (Figure 4.7B). Following the 60 second occlusion, there was an 
interaction in male offspring between time and PC:EtOH treatment (Figure 4.7C; 
PInt<0.05) with post hoc analysis indicating a higher flow in hearts from PC:EtOH 
offspring following ischemia (10 and 15 sec reperfusion) than controls. This indicates 
a greater increase in flow rate following the second occlusion in male offspring. 
PC:EtOH exposure didn’t affect the restoration of flow in the female offspring 
following the second occlusion (Figure 4.7D).  
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Figure 4.7: Hyperaemic response following periconceptional alcohol exposure. Flow 
as a % of baseline flow following a 30 sec occlusion (A,B) and following a second 60 
sec occlusion (C,D) in hearts from male (A,C) and female (B,D) offspring at five 
months of age during reactive hyperaemia Langendorff perfusion experiments. Flow 
is normalised to pre occlusion values. Offspring from dams fed control (white circles) 
or PC:EtOH diet (black squares). Data analysed by two-way repeated measures 
ANOVA with Bonferroni post hoc analysis. Data are represented as mean ± SEM, 
*P<0.05, **P<0.01, n= 6-9 per group.  
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4.4.7.2 Pressure volume  
PC:EtOH did not affect normalised systolic pressure (Figure 4.8A-B), normalised end 
diastolic pressure (Figure 4.8C-D) or normalised developed pressure (Figure 4.8 E-
F) in hearts from male or female offspring during pressure volume experiments. In 
both male and female offspring, the volume injected into the balloon significantly 
altered all variables (Figure 4.8 A-E; PVol<0.0001). 
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Figure 4.8: Pressure volume curves in hearts following PC:EtOH exposure. Systolic 
pressure (A,B), EDP (C,D) and developed pressure (E,F) from male (A,C,E) and 
female (B,D,F) offspring at five months of age during pressure volume Langendorff 
perfusion experiments. Normalised values are to heart weight. Offspring from dams 
fed control (white circles) or PC:EtOH diet (black squares). Data were analysed by 
two-way repeated measures ANOVA with Bonferroni post hoc analysis. Data are 
represented as mean ± SEM, n= 6-9 per group.  
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4.4.7.3 Ischemia reperfusion 
PC:EtOH exposure did not alter baseline ex vivo cardiac function in offspring (Table 
4.2). Further to this, PC:EtOH did not alter the response to a 15 min global ischemia 
in any variable in males, although all variables measured including, systolic 
pressure, developed pressure , dP/dt max and min, flow, LDH and end diastolic 
pressure changed with time (Figure 4.9A-H; PTime<0.01). In females, while all 
variables changed over time (Figure 4.10A-H), there was an interaction between 
time and treatment for end diastolic pressure throughout reperfusion (Figure 4.10A; 
PInt<0.01). When pre ischemia and end reperfusion EDP was investigated, there 
was a significant effect of time (Figure 4.9H; PTime<0.0001), with post hoc analysis 
indicating that PC:EtOH female offspring had higher EDP at end reperfusion when 
compared to control offspring (P<0.05). 
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Table 4.2: Paced baseline function prior to ischemia reperfusion injury. 
 
Control 
Male 
PC:EtOH 
Male 
Statistics 
(P Value) 
Control 
Female 
PC:EtOH 
Female 
Statistics 
(P Value) 
Systolic 
Pressure 
(mmHg) 
73±7 81±7 NS 72±4 81±10 NS 
End Diastolic 
Pressure 
(mmHg) 
9±1 9±1 NS 8±0.2 8±1 NS 
Developed 
Pressure 
(mmHg) 
65±7 76±8 NS 64±4 73±10 NS 
dP/dT Max 1253±96 1470±134 NS 1359±82 1465±186 NS 
dP/dT Min -1016±82 -1205±144 NS -1085±87 -1206±162 NS 
Flow 
(ml/min/g) 
13±0.5 10±1 NS 11±1 10±1 NS 
HR (BPM) 296±1 296±3 NS 296±1 295±5 NS 
Data are mean ± SEM and are analysed using students t-test, n=5-8 per group. 
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Figure 4.9: Ischemia reperfusion in isolated hearts from male rats. End diastolic 
pressure (EDP, A), % baseline recovery for systolic pressure (B), developed 
pressure (C), dP/dt max (D), dP/dt min (E) and flow (F) in isolated hearts following a 
15 min global ischemia during Langendorff perfusion. Lactate dehydrogenase (LDH) 
in buffer (G), end diastolic pressure at end ischemia and end reperfusion (H). Hearts 
were from male offspring from either control dams (white circles/bars) or 
periconceptional ethanol exposed dams (black squares/bars). Data were analysed 
by repeated measures two-way ANOVA with Bonferroni post hoc analysis. Data are 
mean ± SEM, n=5-8 per group. 
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Figure 4.10: Ischemia reperfusion in isolated hearts from female rats. End diastolic 
pressure (EDP, A), % baseline recovery for systolic pressure (B), developed 
pressure (C), dP/dt max (D), dP/dt min (E) and flow (F) in isolated hearts following a 
15 min global ischemia during Langendorff perfusion. Lactate dehydrogenase (LDH) 
in buffer (G), end diastolic pressure at end ischemia and end reperfusion (H). Hearts 
were from female offspring of control (white circles/bars) dams or periconceptional 
ethanol exposed dams (black squares/bars). Data were analysed by repeated 
measures two-way ANOVA with Bonferroni post hoc analysis. Data are mean ± 
SEM, n=5-8 per group. 
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4.5 Discussion 
A recent study in Australia has reported that 60% of women report consuming 
alcohol between conception and pregnancy recognition (McCormack et al., 2017). 
Given that 1.1 million hospitalisations in Australia were associated with CVD in the 
year from 2014-2015, it is important that we understand how prenatal perturbations 
including alcohol exposure during this periconceptional period influence long term 
CVD risk (AIHW, 2016). This study is the first to demonstrate that PC:EtOH 
exposure can alter heart function in offspring. We showed that periconceptional 
alcohol had sex specific effects on heart growth and female offspring showed an 
increased left ventricular internal diameter during systole, a decreased cardiac 
output and a tendency for decreased fractional shortening. Further to this, female 
PC:EtOH hearts had elevated EDP at the end of reperfusion, indicating a degree of 
ischemic intolerance. These alterations in cardiac function of female offspring can be 
linked to alterations in estrogen receptor expression within the heart. Interestingly, 
these deficits were not reflected in ex vivo analysis of heart function suggesting the 
importance of circulating hormones in altered heart function. 
Following PC:EtOH, the relative heart weight of female fetuses were increased at 
E20. As there was no difference in actual heart weight, this suggests maintenance of 
heart growth in the face of overall fetal growth restriction. However, by PN30 whole 
heart weight was lower in the PC:EtOH group suggesting slowed heart growth in the 
early postnatal period. This alteration occurred despite catch up growth. Transient 
fetal heart catch up growth has been shown following prenatal glucocorticoid 
exposure between E12.5 and E15 that was associated with mRNA expression 
increases in Agtr1a, Bax and Igf1 (O'Sullivan et al., 2013). While physiological left 
ventricular hypertrophy was not evident in echocardiographic analysis at 12 months 
in the PC:EtOH group, by 19 months, despite hearts being of normal weight, alcohol 
exposure slightly increased the left ventricle thickness in female offspring suggesting 
development of hypertrophy with age. Interestingly, angiotensin II receptor, type 1a 
(Agtr1a) was increased following PC:EtOH exposure in females only. Agtr1a has 
been similarly shown to be increased in hearts from rats at PN7 following pre- or 
postnatal growth restriction induced by uteroplacental insufficiency or poor lactation 
respectively (Black et al., 2012). This increase in Atgrr1a expression was shown to 
be associated with a decreased cardiomyocyte endowment (Black et al., 2012). 
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Whilst there is a paucity in the literature linking periconceptional stressors to later life 
hypertrophy, alcohol throughout gestation in rats has been shown to culminate in left 
ventricle hypertrophy as observed by echocardiography (Nguyen et al., 2014). 
Agtr1a expression in the aorta of ovariectomised (OVX) rats was shown to be 
significantly increased, indicating that decreased circulating estrogen levels can 
cause increased expression of Agtr1a (Nickenig et al., 1998). Given estrogen levels 
decrease with age, these results indicate that while subtle morphological alterations 
may be programmed, that postnatal pathology may be linked to alterations in the 
secretions of hormones. 
The programmed heart deficits shown here, namely increased left ventricular internal 
diameter during systole, a decreased cardiac output and a tendency for decreased 
fractional shortening are features of dilated cardiomyopathy (DCM). Characterised 
by left ventricle dilatation/enlargement and contractile dysfunction in the absence of 
a pressure or volume overload, DCM is the third most common cause of heart failure 
(Mathew et al., 2017). Whilst DCM can be caused by infections or autoimmune 
conditions, 31% of non-ischemic DCM cases remain idiopathic (McNally & Mestroni, 
2017). Although links between prenatal perturbations and DCM are unclear, dietary 
alterations are known to cause a DCM phenotype in rodent studies. Following a 
selenium deficient diet for 12 weeks, rats showed dilatation and impaired systolic 
function of the left ventricle associated with increased protein expression of cleaved 
caspase-3, caspase-8 and caspase-9 as well as increased cytosolic cytochrome c 
(Shan et al., 2015). Functional cardiac deficits have also been recapitulated using a 
cardiac specific knock out of Estrogen receptor beta (ERβ), with functional deficits 
closely resembling those found following periconceptional alcohol exposure. ER 
deficient mice demonstrated increased left ventricle end systolic and end diastolic 
diameter associated with decreased fractional shortening, indicating that estrogen 
signalling may be involved in the phenotype observed following PC:EtOH exposure. 
These findings were linked to increased cardiac mRNA expression of ANF, BNP and 
B-MHC and a trend towards a decrease in MHC alpha. The authors found marked 
decreases in mRNA markers of oxidative phosphorylation and fatty acid oxidation, 
indicating that the deficits may be linked with oxidative stress in the myocardium 
(Rowe et al., 2017). In humans, cardiac tissue from patients with end stage dilated 
cardiomyopathy, were found to have increased expression (both mRNA and protein) 
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of estrogen receptor alpha (ERα) compared to age matched controls. These 
alterations in expression were correlated with alterations in the distribution of the 
ERα within the hearts of DCM patients with loss of the characteristic co-localisation 
of ERα/β-catenin at the intercalated disc (Mahmoodzadeh et al., 2006). Whilst the 
cause of DCM cannot be determined in some individuals, evidence is mounting for 
both dietary and genetic influences. 
Given that both DCM and Agtr1a can be influenced by estrogen, we examined 
estrogen receptors and related genes in the hearts of offspring. There are three 
characterised receptors for estrogen, estrogen receptor alpha (ERα), estrogen 
receptor beta (ERβ) and a g-protein coupled estrogen receptor (GPER) which is less 
well characterised. ERβ was undetectable in aged female rat hearts of our model, 
consistent with previous studies (Tomicek et al., 2013). Interestingly, ERα mRNA 
was increased in the hearts of PC:EtOH female offspring, perhaps indicating a 
sensitivity to circulating estrogen levels in the plasma of these older animals. 
Estrogen (E2) decreases with age in females of many species and it has been shown 
that circulating E2 in Sprague Dawley rats are significantly higher at day 107 when 
compared to days 128, 156, 212 and 268 (Sokol et al., 1999). This indicates that 
estrogen levels can be expected to be quite low in offspring by 19 months of age. 
Circulating levels of E2 in offspring have been shown previously to be decreased 
following prenatal protein restriction and increased following late gestation alcohol 
exposure (Polanco et al., 2010; Sathishkumar et al., 2012). Furthermore, E2 
supplementation has been shown to decrease LVH in mice following transverse 
aortic constriction (TAC) and OVX, additionally implicating ERβ in the protection 
against hypertrophy (Babiker et al., 2006). In another study, OVX decreased 
circulating E2 and AKT phosphorylation in left ventricular myocardium of females, 
which could be restored with E2 supplementation (Ren et al., 2003). Surprisingly, the 
plasma E2 levels following PC:EtOH exposure in aged offspring, were significantly 
higher than control. While this is an interesting finding, it is important to note that 
values (~20pg/ml) were only 25% of what has been reported in rats at ~9 months of 
age (Sokol et al., 1999) and the difference between PC:EtOH and Control levels was 
minor (~5pg/ml). In order to further understand this phenotype it would be helpful to 
quantify circulating E2 levels in female offspring earlier in life.  
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Estrogen receptor alpha can act as a transcription molecule, translocating to the 
nucleus and acting on estrogen response elements. Heat shock protein 90 (Hsp90), 
a key chaperone protein maintains ERα in its active form (Fliss et al., 2000). Whilst 
PC:EtOH exposure increased both ERα and HSP90 in offspring, it is also important 
to note that HSP90 is an important chaperone molecule for other steroid receptors. 
HSP90 is also a key regulator of glucocorticoid receptor (Nr3c1) and 
mineralocorticoid receptor (Nr3c2) chaperoning (Echeverria & Picard, 2010). 
Importantly we found that PC:EtOH did not affect mRNA expression of either Nr3c1 
and Nr3c2 in the hearts of PC:EtOH exposed offspring. This indicates the increase in 
expression could be directly in relation to estrogen rather than the other steroid 
receptors. However, to confirm this, protein expression of these factors and their 
cellular location requires investigation.  
In vivo, we found that PC:EtOH increased LVIDs in female offspring, decreasing 
cardiac output. Despite these changes in vivo, during ex vivo investigations of heart 
function we only found minimal alterations in the ex vivo heart function of female 
PC:EtOH offspring. Given the changes in contractility found during 
echocardiography, we expected that the pressure volume relationship in hearts 
isolated from female PC:EtOH offspring would have been different from that of 
controls, which was not the case. Unexpectedly, in ex vivo experiments, hearts from 
male PC:EtOH offspring exhibited a greater reactive hyperaemic response 
suggesting some vascular dysfunction. Peak hyperaemic responses have been 
linked to the actions of NO and KATP using pharmacological interventions (Zatta & 
Headrick, 2005). While this is an interesting finding, it is unlikely to contribute to a 
pathophysiological phenotype, given the lack of in vivo alterations in heart function of 
male PC:EtOH offspring. Pressure volume relationships are not widely studied 
following prenatal perturbations; maternal obesity has been shown to decrease 
cardiac function at 12 weeks of age in male offspring (females not studied). Pressure 
volume experiments reveal both systolic and diastolic dysfunction in these mice 
(Blackmore et al., 2014). While this study found no such differences in experiments 
examining volume and pressure relationships, there does appear to be a range in 
responses to altered pressure. These indeed could be due to the amount of alcohol 
consumed by each dam, resulting in different maximal blood alcohol concentrations.   
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Female PC:EtOH offspring demonstrated increased LVEDP at end reperfusion 
following a 15 min global ischemia indicating an increased sensitivity to ischemic 
stress. Hypoxia before birth has been shown to impair recovery following 10 min 
global ischemia indicated by a decreased cardiac power during recovery; however 
no functional deficits were detected using echocardiography (Reyes et al., 2015). 
Conversely, following maternal low protein diet, the hearts of male offspring exhibited 
a two-fold higher recovery in LVP and dP/dt max when compared to control hearts. 
These alterations were attributed to increased β2-AR expression and reduced 
noradrenalin and dopamine levels (Ryan et al., 2012). While we observed no 
alterations in function in male PC:EtOH offspring ex vivo, we did see an increased 
EDP indicating impaired relaxation after 60 min of reperfusion in female offspring 
following ischemic damage. A similar, though more overt phenotype has been shown 
following prenatal nicotine exposure from day four of pregnancy, with both male and 
female hearts demonstrating exacerbated diastolic dysfunction in reperfusion 
(Lawrence et al., 2008). Interestingly, nuclear ERα activation has been shown to 
decrease injury from ischemic events (Menazza et al., 2017). The location of ERα in 
the hearts of PC:EtOH offspring, and whether the increased expression in females 
may be protecting from further ischemic damage awaits further investigation.  
4.6 Limitations and future directions 
In addition to further characterising the effect of PC:EtOH on the expression and 
localisation of the estrogen receptor, investigation into other hormonal influences is 
warranted. Given the slight increase in hypertrophy in aged animals exposed to 
PC:EtOH and the increase in expression of Agtr1a, it is likely that the RAS has been 
upregulated in these offspring. A key limitation of this study is that in vivo heart 
function and molecular analysis were completed at one age only. This allows only a 
snapshot of function, but limits the scope to understand disease progression and 
further echocardiographic measurements and molecular analysis at other ages 
would have added depth to the study. Given that prenatal perturbations have altered 
cardiomyocyte endowment, quantification of the number and size of cardiomyocytes 
early in life would aid in understanding if the pathology found was in response to 
early life deficits. 
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4.7 Conclusion 
The results show that PC:EtOH can have long lasting effects on in vivo heart 
function of female offspring. Interestingly, these functional alterations were 
associated with increased expression of estrogen related genes in the LV. Given ex 
vivo heart function in younger animals was largely not altered by PC:EtOH, the 
results suggest that hormonal influences, such as decreased circulating estrogen, 
may be underlying this altered function. This is of particular interest given that the 
incidence of cardiovascular disease increases steeply in post-menopausal women 
and suggests that PC:EtOH can influence progression altered heart function with 
age.  
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Chapter 5  
The effect of periconceptional alcohol exposure and a postnatal western diet 
on renal and cardiovascular physiology 
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5.1 Abstract 
Maternal alcohol exposure has been shown to alter the development of the heart and 
kidney and lead to cardiovascular and renal dysfunction in offspring. Earlier chapters 
within this thesis have shown that alcohol consumption around the time of 
conception (PC:EtOH) can increase urine flow and alter cardiac function in female 
offspring. Given that the dietary intake of sodium and fat exceeds recommended 
levels in western countries, it is becoming more important to study how the postnatal 
environment influences programmed disease risk. In this study we aimed to 
understand potential additive effects of a diet high in fat and cholesterol following 
PC:EtOH exposure on the function of the heart and kidneys in offspring. 
Rats received a liquid diet +/- 12.5% v/v ethanol from four days before to four days 
after mating. At 3 months of age a subset of offspring (one male and one female per 
litter) were given free access to a diet high in fat and cholesterol (HFD). At 6 months 
of age HFD decreased urine flow, water and food consumption (PDiet<0.05) 
irrespective of periconceptional treatment. At 12 months of age, female PC:EtOH 
offspring had increased urine flow (PTrt<0.05), which was not exacerbated by HFD, 
indeed HFD decreased urine flow in both male and female offspring, regardless of 
treatment (PDiet<0.01). The addition of a HFD did not exacerbate cardiac 
dysfunction in either male or female offspring at 12 months but did increase the 
mRNA expression of Gsy1 and Gsk3b in the left ventricle (LV) of male offspring 
(PDiet<0.05). In isolated vessels, the combination of PC:EtOH and a postnatal HFD 
increased maximum endothelium dependent relaxation response in aortas from male 
offspring (PInt<0.05) as well as the pEC50 to acetylcholine in aortas from female 
offspring (PInt<0.05). At post mortem, a postnatal HFD increased body weight, 
visceral and subcutaneous fat deposition (PDiet<0.01). Examination of heart tissue 
demonstrated that PC:EtOH increased the expression of Gsy1 in the LV of male 
offspring on a chow diet only (PTrt<0.05). Protein levels of GSK3β tended to be 
increased (P=0.06) in the LV tissue of female offspring. 
This study demonstrated that a postnatal HFD did not overtly exacerbate any organ 
dysfunction induced by PC:EtOH exposure. While the PC:EtOH altered cardiac 
function, was not worsened with the addition of HFD. Molecular results suggest that 
some of the underlying pathology may be attributable to altered nutrient handling in 
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the myocardium following PC:EtOH. Similarly, the renal dysfunction that was induced 
by HFD was independent of the impact of PC:EtOH. In contrast, while neither 
PC:EtOH or HFD significantly altered vascular reactivity in the aorta alone, together 
they had lasting effects on vascular function. The results of this study suggest that 
the effects of a HFD are much greater than that of PC:EtOH on cardiac and renal 
function such that the programed impacts of PC:EtOH are often masked by this 
postnatal insult.  
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5.2 Introduction 
According to the 2016 Australian Health Update (AIHW, 2016), the three most 
influential lifestyle risk factors for chronic disease in Australia are alcohol 
consumption, smoking and obesity. 63% of Australian adults are now overweight or 
obese, while 26% of children aged 1 to 4 are overweight (AIHW, 2016). Increasing 
adiposity is now of epidemic proportions in most western and developing countries 
with Australia now having the fifth highest percentage of overweight people 
worldwide (AIHW, 2016). While obesity is an independent risk factor for chronic 
disease, it may also act as a “second hit” that can unmask or exacerbate chronic 
disease in those with an underlying predisposition to disease. This can be 
highlighted by the fact that obesity in adult life increases renal disease in those born 
with a congenital nephron deficit (Praga, 2005).  
Induction of obesity through consumption of high fat diet is a common second hit 
used in animal models of developmental programming that reflects the current 
situation in the human population. Prenatal exposure to glucocorticoids during 
pregnancy is well known to lead to disease outcomes in offspring (Singh et al., 2012) 
and the addition of a postnatal high fat diet has been shown to exacerbate metabolic 
dysfunction in rats prenatally exposed to dexamethasone (Drake & Reynolds, 2010). 
Metabolic dysfunction (Dolinsky et al., 2011) and heart dysfunction (both in vivo and 
ex vivo; Shah et al., 2016; Shah et al., 2017) have been induced or exacerbated in 
offspring exposed to prenatal hypoxia and then fed a postnatal high fat diet. Hypoxia 
is also detrimental to organ reactivity with prenatal hypoxia (11.5% oxygen) and a 
postnatal high fat diet having been shown to induce synergistic impairments on 
vessel reactivity in male offspring (Rueda-Clausen et al., 2012). However it is not 
only the cardio-renal system that can be impacted. Sprague-Dawley rats fed a low 
protein diet from before conception until after weaning gained more adipose tissue 
than rat offspring exposed to a normal protein diet. Postnatal exposure to a high fat 
diet exacerbated the low protein diet induced increase in adipose tissue (Claycombe 
et al., 2013). These studies and others demonstrate that all organs and body 
systems can be influenced by postnatal diet and lifestyle and can be additive to the 
original perturbation. 
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In, Chapter 3 I reported that PC:EtOH induced a nephron deficit and increased urine 
flow in female offspring. Furthermore in Chapter 4, it was reported that 
periconceptional alcohol exposure altered heart function in offspring. Given that 
obesity may unmask or exacerbate renal and cardiovascular dysfunction in at risk 
individuals, this study investigated the impact of a high fat diet on renal, vascular and 
cardiac physiology in PC:EtOH offspring. While some studies have used pressure 
myography of resistance vessels to characterise vascular function (Rueda-Clausen 
et al., 2012, Walton et al., 2016b), we utilised an aortic ring preparation to study 
vascular function of conduit vessels. Periconceptional alcohol exposure has 
previously been demonstrated that metabolic dysfunction in offspring was 
exacerbated by a high fat diet high cholesterol ‘Western’ diet (Gardebjer et al., 2014; 
Gardebjer et al., 2015). Recently, we also reported that a high fat diet exacerbated 
the fat deposition in male offspring exposed to PC:EtOH (Gardebjer et al., 2017). 
Thus it was hypothesised that postnatal exposure to a high fat diet would lead to 
more overt renal and cardiovascular disease phenotypes in PC:EtOH exposed 
offspring. Specifically, we hypothesised that heart function and vessel reactivity 
would be impaired. The aim of this study was to investigate the impact of postnatal 
consumption of a high fat and cholesterol diet on the cardiac and renal systems of 
PC:EtOH rat offspring.  
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5.3 Methods 
5.3.1 Animal information 
All experiments were performed at the University of Queensland and were approved 
by the University of Queensland Anatomical Bioscience Animal Ethics Committee 
before commencement of the study. Outbred female Sprague Dawley rats were 
given a liquid diet containing 12.5% v/v ethanol (PC:EtOH, n=12) or a control diet 
(Control, n=12) from four days before mating until four days after mating as 
described in General Methods (Chapter 2). Dams were allowed to litter down 
naturally. 
At 3 months of age, a subset of animals (2 males and 2 females per litter) was 
placed onto a western-like diet high in fat and cholesterol (HFD, 21%fat, 
0.15%cholesterol, 19%protein, 59.9%carbohydrates; SF00-219 Specialty feeds). 
Animals were maintained on this diet for the remainder of the study. This resulted in 
four groups including Control Chow, Control HFD, PC:EtOH Chow and PC:EtOH 
HFD. One male and one female from each group were used for metabolic function 
studies and culled at 8 months for tissue collection (Gardebjer et al., 2015). A 
second cohort from these litters was used for the renal and cardiovascular studies in 
this chapter.  
5.3.2 Metabolic cage analysis (6 and 12 months) 
At six and twelve months of age, rats were placed in metabolic cages to monitor food 
and water consumption, as well as urine output for a period of 24 hr. Detailed 
methods for metabolic cage use are included in General Methods. Urinary flow rate 
was calculated by dividing the urine volume (ml) by the starting weight of the rat (g). 
A homogeneous sample of urine was collected and frozen at -20°C for later analysis 
of urinary Na+, K+, Cl- this allowed the calculation of UNaV, UKV, UClV when multiplied 
by the urinary flow rate normalised to body weight (ml/g). 
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5.3.3 Echocardiography 
Echocardiography analysis was performed at 12 months of age. Rats were weighed 
and anaesthesia was induced in an induction chamber and then maintained with 
inhalant Isofluorane (2%) in 100% oxygen via a nose cone. Rats were placed in a 
supine position on a heated pad before the thoracic area was shaved and lubricated. 
Echocardiography was completed as described in General Methods by a veterinary 
cardiologist.  
5.3.4 Organ weights 
At 12 months of age, rats were fasted overnight before being euthanized with 
0.1ml/kg of sodium pentobarbital, the thoracic aorta was carefully removed for 
functional assays and the heart and kidneys were weighed and left ventricle (LV) 
thickness recorded. The LV was snap frozen in liquid nitrogen for gene and protein 
analysis. 
5.3.5 Cardiac gene expression analysis 
mRNA was isolated from snap frozen samples of LV as in Chapter 4. Real-time 
qPCR utilising assays on demand predesigned primer and probe sets was 
conducted to quantify mRNA expression of apoptotic mediator Caspase -3 
(Rn00563902_m1); and genes related to nutrient handling in the myocardium; 
insulin-like growth factor 2 (Igf2, rn01454518_m1), Glycogen synthase kinase 3 beta 
(Gsk3b, Rn00583429_m1) and Glycogen synthase 1(Gsy1, Rn01476417_m1). Gene 
expression was compared to beta actin (actb) as a housekeeper and was analysed 
using the ∆∆Ct method. 
5.3.6 Cardiac protein expression analysis 
Protein was extracted from the LV and subjected to SDS-PAGE and western blotting 
as described in detail in Chapter 4. Briefly, 20µg of protein per sample was loaded 
into 15 well polyacryladmide gels and subjected to SDS-PAGE before being 
transferred to low fluorescence PVDF membranes, blocked with Odyssey blocking 
buffer and incubated overnight with a rabbit polyclonal antibody raised against Anti-
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GSK3 clone 4G-1E (Upstate Cell Signalling Solution; 05-412, 37mg/ml). Protein 
expression was normalised ACTB (Cat. No. A2228, Sigma Aldrich, Sydney, 
Australia, 66.6µg/ml) protein levels and presented as relative protein expression.  
5.3.7 Aortic function 
Following dissection, the thoracic aorta was placed into ice cold buffer before being 
carefully dissected from associated connective tissue and fat. Rings of approximately 
3mm were mounted in an organ bath with one end connected to a pressure 
transducer and the other held stable within a heated water bath of Krebs solution 
(118.0mM NaCl, 4.7mM KCl, 1.2mM MgSO4, 1.2mM KH2PO4, 2.5mM CaCl2, 5.5mM 
Glucose, 25mM NaHCO3). This buffer was carbonated with a constant flow of 
5%CO2 in O2 and heated to 37°C. Rings were subjected to 1g of tension and 
equilibrated for 30 min. Maximum contractile force was determined by exposing 
vessels to high K+-substituted physiological salt solution (KPSS,125mM) containing 
equimolar substitution of KCl for NaCl. Vessels were washed prior to a cumulative 
concentration response curve to phenylephrine (1x10-9 to 3x10-5 M). Following 
washout, vessels were sub-maximally contracted (60-80% of maximum KPSS) 
before constructing concentration-response curves to acetylcholine (ACH; 1x10-9 to 
3x10-5 M) to assess endothelium dependent vasodilation and sodium nitroprusside 
(SNP; 1x10-11 to 3x10-6) to assess endothelium independent relaxation. 
5.3.8 Statistics 
For this chapter male and female offspring were analysed separately with postnatal 
diet and periconceptional treatment as factors. Urine function, cardiac function, 
organ and animal weights and gene expression were analysed via 2-way ANOVA 
with Bonferroni post hoc analysis where appropriate. Aortic function experiments 
were analysed by two-way repeated measures ANOVA with Bonferroni post hoc 
analysis.
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5.4 Results 
5.4.1 Urine function at 6 months of age 
At 6 months of age, PC:EtOH did not alter urine flow (Figure 5.1A-B), water 
consumption (Figure 5.1C-D) or food consumption (Figure 5.1E-F) in either male or 
female offspring. Consumption of a HFD did however decrease urine flow in both 
male (Figure 5.1A; PDiet<0.0001) and female (Figure 5.1B; PDiet<0.05) offspring. In 
addition offspring fed a high fat diet both consumed less water (Figure 5.1C-D; 
P<0.0001) and food (Figure 5.1E-F; P<0.0001) than chow fed counterparts during 
the time in the metabolic cage. Despite consuming less diet, both male and female 
animals on HFD consumed the same amount of joules per gram body weight as 
chow fed animals (Table 5.1). A postnatal HFD decreased UClV and UKV in both 
male and female offspring, and decreased UNaV in female offspring only (Table 5.1; 
P<0.05). PC:EtOH did not have any effect on 6 month urinary electrolyte 
concentrations (Table 5.1).  
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Figure 5.1: Metabolic cage studies at 6 months of age in offspring fed chow or HFD. 
Urine flow (A,B) and water consumption (C,D) and food consumption (E,F) for male 
(A,C,E) and female (B, D,F) offspring at 6 months of age from dams fed either 
control (White) or PC:EtOH diet (Black) around conception. Offspring were fed either 
a control chow or HFD from 3 months of age. Data are mean ± SEM and are 
analysed using two-way ANOVA with Bonferroni post hoc analysis. n=8-13 per 
group.
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Table 5.1: Dietary energy intake and urinary electrolyte excretion rates at 6 months 
of age. 
Data represented are mean ± SEM and n=6-21 per group. Data analysed by two-
way ANOVA with Bonferroni post hoc test. NS= not statistically different.  
 
Control 
Chow 
PC:EtOH 
Chow 
Control 
HFD 
PC:EtOH 
HFD 
Statistics 
M
al
e
 
Dietary 
energy intake 
(J/gBW/24hr) 
495.1±17.1 462.3±18.6 466.4±27.5 481.4±19.3 
P(Trt)= NS 
P(Diet)=NS 
P(Int)= NS 
UNaV 
(µmol/g/24hr) 
1.77±0.12 1.65±0.09 1.41±0.09 1.64±0.09 
P(Trt)= NS 
P(Diet)=NS 
P(Int)= NS 
UKV 
(µmol/g/24hr) 
3.76±0.20 3.90±0.32 1.80±0.11 1.78±0.10 
P(Trt)= NS 
P(Diet) <0.0001 
P(Int)= NS 
UClV 
(µmol/g/24hr) 
2.61±0.16 2.60±0.15 2.00±0.11 2.00±0.10 
P(Trt)= NS 
P(Diet) <0.01 
P(Int)= NS 
Fe
m
al
e
 
Dietary 
energy intake 
(J/gBW) 
631.0±31.7 655.2±39.6 631.0±31.7 655.8±45.9 
P(Trt)= NS 
P(Diet)=NS 
P(Int)= NS 
UNaV 
(µmol/g/24hr) 
2.24±0.19 2.70±0.33 1.58±0.23 1.70±0.22 
P(Trt)= NS 
P(Diet)<0.05 
P(Int)= NS 
UKV 
(µmol/g/24hr) 
4.24±0.23 4.02±0.26 1.84±0.23 2.07±0.22 
P(Trt)= NS 
P(Diet)<0.0001 
P(Int)= NS 
UClV 
(µmol/g/24hr) 
3.35±0.22 3.57±0.33 2.29±0.35 2.41±0.25 
P(Trt)= NS 
P(Diet)<0.01 
P(Int)= NS 
 150 
 
5.4.2 Renal function at 12 months 
PC:EtOH exposure increased urine flow in female offspring at 12 months of age 
(Figure 5.2B; PTrt<0.05), with post hoc analysis indicating this was only in the chow 
fed group (P<0.05). This result is similar to that reported in chapter 3 when offspring 
were aged 19 months. PC:EtOH exposure did not alter urine flow in male offspring at 
12 months of age (Figure 5.2A). HFD decreased urine flow in both male and female 
offspring (Figure 5.2A-B; PDiet<0.01 and PDiet<0.0001). PC:EtOH exposure did not 
alter water consumption, though animals on a HFD consumed less water regardless 
of periconceptional treatment (Figure 5.2C-D; PDiet<0.05 and PDiet<0.0001). There 
was a Trt*Diet effect on food intake in male offspring (Figure 5.2E) with post hoc 
analysis indicating a decrease in PC:EtOH chow fed offspring when compared to 
control (P<0.01). This was associated with both a diet effect (Table 5.2; 
PDiet<0.001) and a Trt*Diet effect on dietary energy consumption (PInt<0.01). While 
dietary energy consumption is decreased in PC:EtOH male offspring consuming 
chow diet when compared to control (Table 5.2; P<0.01), offspring fed a HFD had 
increased dietary intake of energy when compared to chow fed animals regardless of 
periconceptional treatment (PDiet<0.01). Dietary energy intake was not altered in 
female offspring. PC:EtOH did not affect UNaV, UKV or UClV in male or female 
offspring (Table 5.2) at 12 months of age. Consumption of a HFD did however 
reduce UNaV, UClV and UKV in both male and female offspring regardless of 
treatment group (Table 5.2, P<0.01). 
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Figure 5.2: Metabolic cage studies at 12 months of age in offspring fed chow or 
HFD. Urine flow (A,B), water consumption (C,D) and food consumption (E,F) for 
male (A,C,E) and female (B, D,F) offspring at 12 months of age from dams fed 
control (white) or PC:EtOH diet (Black) around conception. Offspring were fed a 
chow or HFD from 3 months of age. Data are mean ± SEM and are analysed using 
two-way ANOVA with Bonferroni post hoc analysis. n=10-21. *P<0.05, **P<0.01 
compared to same sex control. 
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Table 5.2: Dietary energy intake and urinary electrolyte excretion rates at 12 months 
of age. 
Data represented are mean ± SEM and n=6-21 per group. Data analysed by two-
way ANOVA with Bonferroni post hoc test. NS= not statistically different. **P<0.01 
compared to same diet control. 
 
 
 
 Control 
Chow 
PC:EtOH 
Chow 
Control 
HFD 
PC:EtOH 
HFD 
Statistics 
M
al
e
 
Dietary 
energy intake 
(J/gBW/24hr) 
378.0±21.6 281.5±16.3** 329.7±48.4 459.9±25.3 
P(Trt)=NS 
P(Diet)<0.001 
P(Int)<0.01 
UNaV 
(µmol/g/24hr) 
1.22±0.07 1.24±0.08 0.93±0.18 0.90±0.12 
P(Trt)=NS 
P(Diet)<0.01 
P(Int)=NS 
UKV 
(µmol/g/24hr) 
2.99±0.16 2.95±0.22 1.34±0.09 1.47±0.12 
P(Trt)=NS 
P(Diet)<0.0001 
P(Int)=NS 
UClV 
(µmol/g/24hr) 
2.12±0.10 2.07±0.13 1.20±0.19 1.37±0.15 
P(Trt)=NS 
P(Diet)<0.0001 
P(Int)=NS 
Fe
m
al
e
 
Dietary 
energy intake 
(J/gBW/24hr) 
537.7±26.0 532.4±32.3 608.6±53.4 601.4±48.9 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
UNaV 
(µmol/g/24hr) 
2.35±0.17 2.49±0.18 1.21±0.16 1.23±0.18 
P(Trt)=NS 
P(Diet)<0.0001 
P(Int)=NS 
UKV 
(µmol/g/24hr) 
4.48±0.31 4.79±0.31 1.9±0.15 1.85±0.14 
P(Trt)=NS 
P(Diet)<0.0001 
P(Int)=NS 
UClV 
(µmol/g/24hr) 
3.44±0.14 3.56±0.24 1.87±0.21 1.90±0.23 
P(Trt)=NS 
P(Diet)<0.0001 
P(Int)=NS 
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5.4.3 Heart function measured by echocardiography  
PC:EtOH exposure decreased HR in male PC:EtOH offspring (Table 5.3; PTrt<0.01), 
with post hoc analysis revealing this decrease was in control fed male PC:EtOH rats 
(P<0.05). This was a finding similar to that reported in chow offspring in chapter 4. 
The addition of a postnatal HFD, resulted in an overall increase in MVc-MVo in male 
offspring exposed to PC:EtOH (Table 5.3, PTrt<0.01). HFD offspring demonstrated a 
higher heart rate regardless of treatment group (Table 5.3). No other 
echocardiographic parameters were altered in male offspring. In female offspring, 
PC:EtOH increased LVIDs (Table 5.4, PTrt<0.05) and tended to decrease CO (Table 
5.4; PTrt=0.07) similar to that reported in chapter 4. PC:EtOH tended to increase 
LVIDd (Table 5.4; PTrt=0.06). HFD consumption from 3 months of age did not alter 
any variables in females, although LVIDd tended to be decreased (PDiet=0.06). 
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Table 5.3: Outcomes of echocardiography at 12 months of age in male offspring 
following control or PC:EtOH and a postnatal HFD 
 
 Control 
Chow 
PC:EtOH 
Chow 
Control 
HFD 
PC:EtOH 
HFD 
Statistics 
HR 
(BPM) 
325±10 296±8* 325±7 322±13 
P(TrT)<0.01 
P(Diet)<0.05 
P(Int)=NS 
IVSd 
(mm) 
1.71±0.1 1.8±0.1 1.8±0.1 1.86±0.04 
P (TrT)=NS 
P(Diet)=NS 
P(Int)=NS 
LVIDd 
(mm) 
8.55±0.4 8.92±0.1 8.95±0.3 9.12±0.3 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
LVPWd 
(mm) 
1.78±0.1 1.99±0.1 1.83±0.1 1.83±0.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
LVIDs 
(mm) 
5.65±0.4 6.06±0.3 5.56±0.2 5.79±0.4 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
FS 
(%) 
34.28±1.3 32.17±2.2 37.82±1.5 39.03±3.2 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao 
(mm) 
3.82±0.2 3.91±0.1 3.86±0.1 3.94±0.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao CSA 11.6±1.0 12.05±0.5 11.72±0.4 12.23±0.7 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
IVRT 
(msec) 
28.36±1.2 29.13±1.2 29.76±1.3 27.22±1.7 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
MVc-MVo 
(msec) 
106.5±2.4 112.63±4.4 106.00±2.8 114.67±4.7 
P(Trt)<0.01 
P(Diet)=NS 
P(Int)=NS 
MPI 0.27±0.1 0.3±0.1 0.28±0.02 0.40±0.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao Vmax 
(m/s) 
118±4.9 113.74±4.0 106.2±7.1 114.11±7.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao ET 
(msec) 
84.92±3.6 86.7±2.1 82.57±1.2 82.79±1.6 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
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 Data are analysed using two-way ANOVA with Bonferroni post hoc analysis within 
sexes. Heart rate (HR), Intraventricular septal width during diastole (IVSd), Left 
ventricular internal diameter during diastole (LVIDd), Left ventricular posterior wall 
end diastole (LVPWd), Left ventricular internal diameter during systole (LVIDs), 
Fractional shortening (FS), Aorta (Ao), aortic cross sectional area (Ao CSA), 
Isovolumetric relaxation time (IVRT), Mitral valve closure- Mitral valve opening (MVc-
MVo), myocardial perfusion index (MPI), aortic peak velocity (Ao Vmax), aortic 
ejection time (Ao ET), aortic velocity time integral (Ao VTI), isovolumtric contraction 
time (IVCT) and cardiac output (CO). n=8 per group. *<0.05 when compared to same 
sex control. 
Ao VTI 
(cm) 
6.89±0.2 6.87±0.4 6.08±0.4 6.57±0.3 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
IVCT 
(msec) 
21.87±1.2 21.73±0.7 20.87±1.7 21.84±2.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
CO 
(ml/min) 
245.9±26.3 243.9±15.9 226.6±24.4 257.7±18.9 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
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Table 5.4: Outcomes of echocardiography at 12 months of age in female offspring 
following control or PC:EtOH and a postnatal HFD 
 
 
 
Control 
Chow 
PC:EtOH 
Chow 
Control 
HFD 
PC:EtOH 
HFD 
Statistics 
HR 
(BPM) 
328±12 333±9 343±16 321±11 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
IVSd 
(mm) 
1.55±0.1 1.45±0.1 1.72±0.2 1.56±0.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
LVIDd 
(mm) 
7.11±0.2 7.28±0.2 7.28±0.4 8.03±0.2 
P(Trt)=0.06 
P(Diet)=0.06 
P(Int)=NS 
LVPWd 
(mm) 
1.67±0.03 1.56±0.06 1.59±0.1 1.64±0.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
LVIDs 
(mm) 
3.9±0.2 4.53±0.2 4.39±0.3 4.75±0.3 
P(Trt)<0.05 
P(Diet)=NS 
P(Int)=NS 
FS 
(%) 
45.07±3.2 37.74±2.1 39.64±2.5 41.08±2.3 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao 
(mm) 
3.27±0.1 3.13±0.1 3.26±0.1 3.32±0.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao CSA 8.42±0.4 7.71±0.3 8.40±0.5 8.73±0.5 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
IVRT 
(msec) 
28.85±1.7 27.45±1.4 32.88±7.7 27.35±1.5 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
MVc-MVo 
(msec) 
110.56±2.9 109.15±3.6 99.678±4.5 107.99±5.0 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
MPI 0.45±0.03 0.44±0.04 0.28±0.1 0.38±0.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao Vmax 
(m/s) 
106.21±3.7 98.84±6.4 107.97±7.8 99.70±4.7 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
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Data are analysed using two-way ANOVA with Bonferroni post hoc analysis within 
sexes. Heart rate (HR), Intraventricular septal width during diastole (IVSd), Left 
ventricular internal diameter during diastole (LVIDd), Left ventricular posterior wall 
end diastole (LVPWd), Left ventricular internal diameter during systole (LVIDs), 
Fractional shortening (FS), Aorta (Ao), aortic cross sectional area (Ao CSA), 
Isovolumetric relaxation time (IVRT), Mitral valve closure- Mitral valve opening (MVc-
MVo), myocardial perfusion index (MPI), aortic peak velocity (Ao Vmax), aortic 
ejection time (Ao ET), aortic velocity time integral (Ao VTI), isovolumtric contraction 
time (IVCT) and cardiac output (CO). n=8 per group. *<0.05 when compared to same 
sex control. 
 
Ao ET 
(msec) 
76.73±2.9 75.61±1.5 77.85±2.0 78.08±1.9 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Ao VTI 
(cm) 
5.74±0.3 5.17±0.5 5.52±0.4 5.31±0.3 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
IVCT 
(msec) 
22.13±1.0 20.13±2.1 23.78±1.9 21.54±1.6 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
CO 
(ml/min) 
157.1±10.5 131.0±11.5 157.5±14.8 149.3±14.3 
P(Trt)=0.07 
P(Diet)=NS 
P(Int)=NS 
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5.4.4 Aortic function  
In response to phenylephrine, neither the maximum contraction nor the pEC50 
contraction were altered by PC:EtOH or a HFD in aortas from males or females 
(Figure 5.3A-B; Table 5.5). In males, there was a Trt*Diet interaction for maximum 
endothelium dependent relaxation response to ACH (Figure 5.3C-D; Table 5.5; 
PInt<0.05). When fed a chow diet, aortas from PC:EtOH males had decreased 
maximum relaxation when compared to chow fed control, however when fed a HFD 
aortas from PC:EtOH offspring had increased maximum relaxation response to ACH 
when compared to control HFD. The pEC50 was not changed in any group by Ach. In 
PC:EtOH males, the pEC50 to SNP (endothelium independent relaxation) was lower 
than control animals regardless of postnatal diet (PTrt<0.05). Similarly in response to 
SNP, the pEC50 was lower in aortas from animals fed HFD (Figure 5.3 E-F; Table 
5.5; PDiet<0.05). Postnatal HFD also decreased maximum response to SNP 
(PDiet<0.05) and there was a Trt*Diet interaction (PInt<0.05). However post hoc 
analysis did not find any significant differences between individual groups suggesting 
this was only a minimal effect. In females, there was a Trt*Diet interaction for the 
ACH pEC50 (PInt<0.05) but no alterations to maximum response. Postnatal HFD 
decreased maximal relaxation to SNP in aortas of female offspring regardless of 
treatment (PDiet<0.0001).  
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Figure 5.3: Aortic vascular reactivity. Phenylephrine induced contraction (PE; A,B), 
acetylcholine induced endothelium dependent relaxation (ACH; C,D), sodium 
nitroprusside induced endothelium independent relaxation (SNP; E,F) curves for 
male (A,C,E) and female (B,D,F) offspring during aortic organ bath experiments at 
12 months of age. Offspring from dams which were fed Control (Circles) or PC:EtOH 
diet (Squares). Offspring were fed chow (Control: White, PC:EtOH: Black) or 
postnatal HFD (Control and PC:EtOH: Grey). n=6-8 per group. Statistical analysis is 
shown below in Table 5.5. 
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Table 5.5: Tabulated results from aortic vascular reactivity in aortic rings from 12 
month old offspring. 
 
Control  
Chow 
PC:EtOH 
Chow 
Control  
HFD 
PC:EtOH 
HFD 
Statistics 
M
al
e
 
PE 
(%KPSS) 
pEC50 7.04±0.12 6.73±0.11 6.98±0.10 6.85±0.13 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Max 142.0±12.0 126.9±10.8 124.1±4.5 120.5±3.0 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
ACH 
(% elaxation) 
pEC50 7.81±0.21 7.67±0.08 7.27±0.18 7.51±0.07 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Max 100.0±5.8 91.0±3.7 84.3±4.9 96.1±3.3 
P(Trt)=NS 
P(Diet)=NS 
P(Int)<0.05 
SNP 
(%Relaxation) 
pEC50 8.81±0.08 8.65±0.09 8.61±0.15 8.32±0.04 
P(Trt)<0.05 
P(Diet)<0.05 
P(Int)=NS 
Max 114.7±4.4 106.5±1.7 99.9±2.6 105.7±4.0 
P(Trt)=NS 
P(Diet)<0.05 
P(Int)<0.05 
Fe
m
al
e
 
PE 
(%KPSS) 
pEC50 6.99±0.08 6.88±0.10 6.78±0.09 6.88±0.13 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Max 119.8±10.9 196.3±43.1 129.6±19.8 124.6±9.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
ACH 
(%Relaxation) 
pEC50 7.49±0.17 7.07±0.16 7.34±0.14 7.66±0.12 
P(Trt)=NS 
P(Diet)=NS 
P(Int)<0.05 
Max 87.4±7.5 105.2±9.2 85.3±1.8 82.7±2.1 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
SNP 
(%Relaxation) 
pEC50 8.75±0.11 8.61±0.17 8.76±0.17 8.65±0.09 
P(Trt)=NS 
P(Diet)=NS 
P(Int)=NS 
Max 114.4±2.2 113.2±1.8 101.8±1.4 99.3±1.9 
P(Trt)=NS 
P(Diet)<0.0001 
P(Int)=NS 
Data includes negative logarithm of half maximal effective concentration (pEC50) and 
Max (contraction/relaxation where appropriate). Data are mean ± SEM and are 
analysed via two-way ANOVA with Bonferroni post hoc analysis with 
periconceptional treatment (Trt) and postnatal diet (Diet) as factors. n=6-8 per group.
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5.4.5 Organ allometry and fat deposition at 12 months 
At 12 months of age PC:EtOH did not affect body weight of male or female offspring, 
though offspring fed a postnatal HFD were heavier than those fed chow (Figure 
5.5A-B; PDiet<0.0001). At 12 months of age PC:EtOH did not alter kidney weight 
(Figure 5.4A-B), relative kidney weight (Figure 5.4C-D), heart weight (Figure 5.4E-F), 
relative heart weight (Figure 5.4G-H) or left ventricle thickness (Figure 5.4I-J) in 
either sex. Although postnatal exposure to a high fat diet increased total kidney 
weight in both male and female offspring (Figure 5.4A-B; PDiet<0.01), there was a 
decrease in relative kidney weight (Figure 5.4C-D PDiet<0.05). Whilst heart weight 
was unchanged following HFD, relative heart weight was decreased in both sexes 
regardless of periconceptional treatment (Figure 5.4E-F; PDiet<0.0001). In females 
there was a Trt*Diet interaction in left ventricle thickness suggesting a PC:EtOH 
induced increase in females on a control diet, although this does not reach 
significance by post hoc analysis. 
A postnatal HFD increased abdominal girth in male and female offspring regardless 
of periconceptional treatment (Figure 5.5C-D; PDiet<0.05). Relative visceral fat was 
also increased in female offspring fed HFD regardless of periconceptional treatment 
(Figure 5.5F; PDiet<0.0001). There was a Diet*Trt effect on relative visceral fat in 
female offspring (Figure 5.5F; PInt<0.05) with post hoc analysis demonstrating that 
PC:EtOH HFD offspring had substantially more relative visceral fat when compared 
to Control HF offspring (P<0.05). While PC:EtOH did not affect visceral fat deposition 
in male offspring, offspring fed a postnatal HFD had more relative visceral fat than 
chow fed offspring regardless of periconceptional treatment. While PC:EtOH did not 
affect relative subcutaneous fat deposition in male or female offspring, HFD did 
increase amounts of relative subcutaneous fat deposition in offspring regardless of 
periconceptional treatment. 
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Figure 5.4: Organ weights at 12 months of age from offspring fed chow or HFD. 
Kidney weight (A,B), relative kidney weight (C,D), heart weight (E,F), relative heart 
weight (G,H) and left ventricle thickness (I,J) for male (A,C,E,G,I) and female (B, 
D,F, H,J) offspring at 12 months of age. Offspring from dams fed Control (White) or 
PC:EtOH diet (Black). Data are mean ± SEM and are analysed using two-way 
ANOVA with Bonferroni post hoc analysis, n=6-19 per group. 
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Figure 5.5: Body weight and fat pad data at 12 month of age from offspring fed chow 
or HFD. Body weight (A,B), abdominal girth (C,D), relative visceral fat (E,F) and 
relative subcutaneous fat (G,H) in male (A,C,E,G) and female (B,D,F,H) offspring at 
12 months of age. Offspring from dams fed a Control (White) or PC:EtOH diet 
(Black). Offspring fed control chow or postnatal HFD from 3 months. Data are mean 
±SEM and are analysed using two-way ANOVA with Bonferroni post hoc analysis. 
n= 9-11 per group. *P<0.05 compared to same sex control. 
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5.4.6 Gene expression in LV 
Neither PC:EtOH or HFD altered the mRNA expression of caspase-3 in the LV of 
male offspring (Figure 5.6A). While PC:EtOH exposure did not alter expression of 
caspase-3 in LV of female offspring, HFD did increase expression (Figure 5.6B; 
PDiet<0.05). Igf2 was not altered by PC:EtOH or HFD in male (Figure 5.6C) or 
female (Figure 5.6D) offspring. In the LV of male offspring exposed to PC:EtOH the 
mRNA expression of Gsy1 was increased (Figure 5.7A; PTrt<0.05), with post hoc 
analysis indicating the increase was in chow fed offspring only (P<0.05). PC:EtOH 
exposure did not alter LV mRNA expression of GSK3b in male or female offspring 
(Figure 5.7C-D), and Gsy1 expression was not altered in female offspring (Figure 
5.7B). mRNA expression of Gsk3b was increased in the LV of male offspring fed a 
HFD regardless of periconceptional treatment (Figure 5.7C; PDiet<0.05). Protein 
levels of GSK3β tended to be increased in the LV of PC:EtOH females (Figure 5.7E; 
P=0.07). 
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Figure 5.6: Gene expression in the left ventricle. mRNA expression of Caspase-3 
(A,B), Igf2 (C,D), and protein expression in LV tissue from male (A,C) and female 
(B,D) offspring at 12m. Offspring from dams fed a Control (White) or PC:EtOH diet 
(Black). Offspring fed control chow or postnatal HFD from 3 months. Data are mean 
±SEM and are analysed using two-way ANOVA with Bonferroni post hoc analysis (A-
H) and t-test (I). n= 6-8 per group. 
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Figure 5.7: Expression of nutrient handling genes and proteins in the left ventricle. 
mRNA expression Gsy1 (A,B), Gsk3b (C, D) and protein expression of GSK3β (E) in 
LV tissue from male (A,C) and female (B,D) offspring at 12m. Offspring from dams 
fed a Control (White) or PC:EtOH diet (Black). Offspring fed control chow or 
postnatal HFD from 3 months. Data are mean ±SEM and are analysed using two-
way ANOVA with Bonferroni post hoc analysis (A-H) and t-test (I). n= 6-8 per group 
for mRNA, n=6 for protein. *P<0.05, #P<0.07 compared to same sex control. 
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5.5 Discussion 
This study was the first to investigate if postnatal consumption of a high fat diet 
exacerbated cardiovascular and renal deficits programmed by PC:EtOH. In contrast 
to the hypothesis, a HFD did not overtly exacerbate PC:EtOH induced deficits in 
renal and cardiac function. As hypothesised however, this study demonstrated that 
exposure to a HFD induced a number of deficits commonly associated with obesity. 
Consumption of a HFD independently altered vessel reactivity, urine flow and water 
intake, along with fat deposition and organ weight. Functional aorta experiments 
demonstrated some mild alterations following PC:EtOH to vessel reactivity, though 
these were not as severe as those induced by exposure to a high fat diet. While HFD 
consumption induced more severe pathological outcomes than PC:EtOH, they each 
independently altered parameters related to renal and cardiovascular function and 
highlight that important interactions can occur between prenatal insults and postnatal 
diet in programming cardiorenal disease. 
Interestingly, despite our recent findings that postnatal HFD can worsen metabolic 
dysfunction associated with PC:EtOH (Gardebjer et al., 2015; Gardebjer et al., 
2017), this did not appear to be the case with respect to cardiorenal disease. 
PC:EtOH increased urine flow in female offspring consuming a chow diet, however 
the addition of HFD did not exacerbate this condition. PC:EtOH exposed female 
offspring fed a HFD did not have increased urine flow when compared to control 
HFD females. The reasons for this are unknown but may involve changes in 
circadian regulated genes. In a rat model of prenatal overnutrition, kidney mRNA 
expression of key circadian clock genes including Baml, Cry1 and Per3 were shown 
to be increased following prenatal HFD but the addition of a postnatal high fat diet, 
prevented these changes thereby protecting from any prenatally programming of 
clock genes (Tain et al., 2017). As shown in chapter 3, AQP2 and AVPR2 were 
significantly altered by PC:EtOH. AQP2 and AVP receptors have been shown to be 
clock regulated output genes mediating the osmotic gradient in the medulla of the 
rodent kidney (Hara et al., 2017). These studies suggest that if alterations in AQP2 
transcription are clock dependent, the addition of a postnatal HFD may reverse the 
effect, leading to the ‘normal’ urine flow observed in female PC:EtOH exposed 
offspring fed a high fat diet.  
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Furthermore, it has been suggested that a postnatal high fat diet can ‘overwhelm’ the 
renal dysfunction following maternal obesity (Glastras et al., 2017). A similar result 
may be occurring in our study as we found alterations in urinary output of electrolytes 
following HFD but not PC:EtOH. This is in contrast to studies exploring both maternal 
under and over nutrition. Following a maternal high fat/high fructose diet offspring fed 
the same diet develop increased albumin excretion and tubulointerstitial fibrosis 
(Jackson et al., 2012) and the combination of a prenatal low protein diet (17% 
protein or 6% protein) with a postnatal high fat in male rat offspring increased protein 
and urea in rats (Rizzi et al., 2017). HFD alone was seen to reduce UNaV in both 
male and female offspring suggesting that HFD induced changes in key transporters 
within the kidney regardless of periconceptional treatment. Whilst we do not know 
how the expression of these transporters in the kidneys of animals were impacted in 
the current study, mice fed a diet of 23% fat had increased thiazide-sensitive co-
transporter expression, which has been suggested to induce a sodium loading 
response (Davies et al., 2015). These studies suggest that the postnatal HFD may 
be altering kidney function in offspring in such a way that the effect of PC:EtOH is 
hidden by the worsening function following the HFD. 
Surprisingly, no effect of postnatal HFD was seen when studying the cardiac function 
of offspring. At 12 months of age, heart function as measured by echocardiography 
was neither significantly altered by a postnatal HFD nor did it greatly exacerbate 
underlying pathophysiology following PC:EtOH reported in chow fed animals. The 
heart rate of PC:EtOH male offspring was decreased, and this was associated with 
an increased time between MVc-MVo. This is indicative of delayed ventricular 
emptying time that may be a novel finding from this thesis. While not effecting basal 
HR, prenatal dexamethasone during the end of the first month of pregnancy in sheep 
has been shown to alter baroreceptor-HR response in offspring (Dodic et al., 1999). 
Furthermore, prenatal hypoxia leads to bradycardia in offspring when measured by 
echocardiography that was not accentuated by a high fat diet (Rueda-Clausen et al., 
2012). Similarly in our model, the decrease in heart rate in male PC:EtOH offspring 
was not worsened by HFD. In female PC:EtOH offspring, the increase in LVIDs 
reported in Chapter 4 at 19 months was evident in the current study at 12 months, 
and when animals subjected to a HFD were included, LVIDd tended to be increased, 
highlighting the possible progression of contractility deficits and the ventricle 
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becoming distensible. This is reflected in the tendency toward a decreased CO in 
these animals. Overall, heart function following PC:EtOH was not exacerbated by 
HFD, which is surprising given evidence suggesting heart function should decline on 
a HFD, particularly in an induced type-2 diabetic state. Using the same model of 
PC:EtOH it has been reported that offspring develop glucose intolerance and insulin 
resistance which is exacerbated by a HFD (Gardebjer et al., 2015). Rabbits fed a 
high fat diet (additional 15% fat) for 18 weeks developed a type II diabetes 
phenotype including LV hypertrophy during echocardiography (Zarzoso et al., 2013). 
Interestingly, despite the development of a diabetic like state in both chow and HFD 
offspring (Gardebjer et al., 2015), we did not find functional alterations symbolic of 
LV hypertrophy following 9 months of HFD administration. In fact, nutrient handling 
appears to be altered in the LV of PC:EtOH animals fed a chow diet only. 
Despite not finding marked alterations to kidney or heart function with the addition of 
HFD, we did find subtle changes in vessel reactivity using organ bath preparations. 
In males, both endothelium dependent and independent relaxation responses were 
effected by PC:EtOH and HFD. Vascular dysfunction has been shown to be altered 
by the combination of pre and postnatal insults. Using a model of prenatal hypoxia 
followed by a postnatal diet high in salt, pressure myography of mesenteric 
resistance arteries was used to quantify vessel reactivity. Maximum relaxation to Ach 
was diminished by maternal hypoxia in both male and female offspring while pEC50 
to PE was increased by postnatal diet regardless of prenatal insult (Walton et al., 
2016b). The authors attribute these changes to altered endothelial function, rather 
than decreased vascular smooth muscle sensitivity as would be seen through 
response to SNP, an NO donor. Similarly, prenatal hypoxia has been shown to 
impair NO-dependent relaxation in femoral resistance arteries, which can be 
abolished with the addition of maternal Vitamin C (Giussani et al., 2012). We report 
changes in maximal responses to both Ach and SNP in the aortas of offspring. In 
males, maximal responses tend to be decreased following PC:EtOH but in 
combination with a HFD PC:EtOH tends to increase maximum response. In most 
variables this is not significant however, and in all cases the effect is quite minimal. It 
appears likely that the interaction between PC:EtOH and a postnatal HFD not only 
alters endothelial function, but also the vascular smooth muscle cells responsiveness 
to NO. Following a high fat diet for 16 weeks, aortic endothelium dependent 
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relaxation has been shown to be decreased and was associated with increased 
oxidative stress as assessed by a reactive oxygen species assay in mice (Fang & 
Tang, 2017). However, our results show that HFD alone can decrease maximal 
relaxation of aortas of offspring. Whilst this is an interesting finding, future studies 
should investigate vascular reactivity in a resistance vessel such as the mesenteric 
artery to fully characterise vascular function. 
In female offspring at 12 months of age, PC:EtOH combined with HFD increased 
relative visceral fat weight. In data from our laboratory we have shown using DEXA 
analysis that PC:EtOH increased total body fat mass in males but not females at 7 
months of age (Gardebjer et al., 2017). The addition of the HFD increased fat mass 
in both males and females regardless of periconceptional treatment at this age. Our 
results suggest that the added component of age can explain the increased visceral 
fat in female PC:EtOH on a high fat diet. There is considerable literature supporting a 
prenatal and postnatal insult combining to alter fat deposition in offspring. Following 
prenatal low protein diet causing fetal growth restriction, male offspring placed on a 
postnatal diet high in fat (45%), by 12 weeks of age offspring were heavier than 
normal protein normal fat offspring, with increased adipose tissue mass and 
circulating plasma leptin (Claycombe et al., 2013). Furthermore, prenatal hypoxia 
has been shown to lead to increased food intake from 3 weeks of age as well as 
increased peritoneal fat volume that is exacerbated by a postnatal HFD (Vargas et 
al., 2017). Of interest, the current study revealed female offspring on the HFD ate 
less food but there was no difference in food derived energy intake between groups 
at 12 months. In male offspring at 12 months, dietary energy intake was effected by 
HFD with PC:EtOH HFD offspring consuming the most energy from their food. This 
is an interesting finding as both male and female HFD offspring weighed more at 12 
months regardless of periconceptional treatment. When using the same postnatal 
diet used in this study (SF00-219) to model the development of Type-2 diabetes in 
offspring, it was reported that after 10 weeks of dietary intervention, animals fed 
SF00-219 consumed the same amount of food, but had a significantly increased 
dietary caloric intake that was associated with an increased body mass (Hodgson et 
al., 2013). In that study it was reported that SF00-219 was a low glycaemic index diet 
that could explain the decreased consumption of food found in our study.  
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5.6 Conclusions and future directions 
Despite the hypothesis that a postnatal diet high in fat and cholesterol would worsen 
the cardiovascular and renal health of offspring following PC:EtOH, this did not 
occur. While offspring did increase in body weight and the weight of different fat pads 
was also increased, function of the heart and kidneys were not further worsened by 
the addition of the postnatal HFD. The results of this study suggest that the effect of 
a HFD regardless of periconceptional treatment can cause dysfunction sufficient to 
mask the impact of PC:EtOH alone. However, considering other studies within the 
laboratory and in light of the literature, it is important to understand the dietary intake 
of animals in more detail. Studies have shown that a cafeteria diet during gestation 
increases fat consumption in offspring (Ong & Muhlhausler, 2011) linked with 
alterations to key reward pathways in the brains of offspring. Given that rats fed HFD 
were larger at 12 months of age without apparent alterations to dietary consumption, 
it would be interesting to explore the effect of a short term exposure to a HFD 
following PC:EtOH on food intake. 
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Chapter 6 
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preference and gene expression in the mesolimbic reward pathway in adult 
rat offspring. J Dev Orig Health Dis, 1-9. 
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6.1 Abstract 
Alcohol consumption around the time of conception is highly prevalent in western 
countries. Exposure to ethanol levels during gestation has been associated with 
altered development of the mesolimbic reward pathway in rats and increased 
propensity to addiction, however the effect of exposure only around the time of 
conception is unknown. The current study investigated the effects of 
periconceptional alcohol exposure (PC:EtOH) on alcohol and palatable food 
preferences and gene expression in the ventral tegmental area (VTA) and the 
nucleus accumbens (NAc) of the adult offspring. Rats were exposed to a liquid diet 
containing ethanol (EtOH) (12.5% vol/vol) or a control diet from four days prior to 
mating until four days after mating. PC:EtOH had no effect on alcohol preference in 
either sex. At 15 months of age, however, male PC:EtOH offspring consumed more 
high fat food when compared to male control offspring, but this preference was not 
observed in females. Expression of the Dopamine Receptor type 1 (drd1a) was 
lower in the VTA of male PC:EtOH offspring compared to their control counterparts. 
There was no effect of PC:EtOH on mRNA expression of the µ-opioid receptor, 
tyrosine hydroxylase (th), dopamine receptor type 2 (drd2) or dopamine active 
transporter (Slc6a3). These data support the hypothesis that periconceptional 
alcohol exposure can alter expression of key components of the mesolimbic reward 
pathway and heighten the preference of offspring for palatable foods and may 
therefore increase their propensity towards diet-induced obesity. These results 
highlight the importance of alcohol avoidance when planning a pregnancy. 
Keywords: pregnancy, alcohol, food preference, reward. 
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6.2 Introduction 
Despite guidelines recommending abstinence of alcohol both when planning and 
throughout pregnancy, recent studies suggest that significant proportions of women 
are drinking alcohol prior to pregnancy recognition. Studies from both Australia and 
the USA report that between 50-60% of women are consuming alcohol around 
conception with a large proportion of these women decreasing intake when they 
become aware they are pregnant (McCormack et al., 2017; Pryor et al., 2017). 
Alcohol intake during pregnancy, particularly at high levels, has been shown to have 
lasting effects on offspring brain development and function. Fetal alcohol spectrum 
disorders (FASD) is the term used to describe the outcome of prenatal alcohol 
exposure and is characterised by a raft of developmental, neurological and 
behavioural issues (Riley et al., 2011). What is less understood, however, is how 
alcohol exposure only around the time of conception (the periconceptional period 
(PC)) can influence the subsequent behavioural outcomes of the offspring. 
One facet of behaviour that has been linked to alcohol exposure during gestation is 
the propensity towards addictive behaviours, including alcohol addiction. In humans, 
if a mother consumed alcohol during early pregnancy her children were four times 
more likely to develop an alcohol dependence issue by age 21 (Alati et al., 2006). 
Prenatal alcohol exposure has also been associated with a greater perceived 
pleasantness of alcohol odour in young adults (Hannigan et al., 2015). Similarly, in 
rodents, exposure to alcohol towards the end of gestation (gestational days 17-20) 
resulted in an increase in operant self administration of alcohol in 5 day old pups 
(Miranda-Morales et al., 2014) and increased preference for ingestion of alcohol in 
adolescence (Fabio et al., 2015).  
The increased propensity towards addictive behaviours following ethanol exposure is 
thought to be a result of altered gene expression within the mesolimbic reward 
pathway that is responsible for mediating the response to rewarding stimuli. This 
pathway involves the activation of dopamine signalling in limbic regions of the brain, 
including the ventral tegmental area (VTA) and the nucleus accumbens (NAc). In a 
study that compared three doses of alcohol exposure at the end of pregnancy in rats, 
researchers found a concentration dependent decrease in expression of the µ-opioid 
receptor in the NAc (Bordner & Deak, 2015). However, in rats exposed to alcohol 
late in pregnancy, enhanced relative µ-opioid receptor expression in the VTA of 
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offspring has been reported (Fabio et al., 2015). Following prenatal alcohol 
exposure, pituitary levels of dopamine D2 receptor were decreased indicating that 
the dopamine system can be altered prenatally (Gangisetty et al., 2015). In addition 
to alcohol, the mesolimbic reward pathway also regulates the preference for other 
substances, including palatable foods, raising the possibility that prenatal ethanol 
exposure could also influence the propensity of the offspring towards other addictive 
behaviours. Furthermore, exposure to a cafeteria diet in utero has previously been 
shown to result in decreased µ-opioid receptor expression in the VTA of both male 
and female rat offspring (Gugusheff et al., 2013) which was associated with a 
heightened preference for fat intake in offspring from weaning to 3 months of age 
(Ong & Muhlhausler, 2011). Taken together, these studies demonstrate that both 
food and alcohol preference can be programmed prenatally and that the mesolimbic 
reward pathway is implicated in both instances. However, it is not known if similar 
outcomes are programmed if the exposure occurs only around the time of 
conception. 
The aims of the current study were to assess the impact of periconceptional alcohol 
exposure on the preference for both alcohol and a high fat diet in adult offspring and 
on the expression of key genes involved in dopamine and opioid signalling in the 
mesolimbic reward pathway. We hypothesised that offspring exposed to alcohol 
during the periconceptional period would exhibit a greater preference for alcohol and 
a high fat diet, and that these behaviours will be associated with alterations to the 
mesolimbic reward pathway. 
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6.3 Methods 
Animal Ethics Approval: All experiments were performed at the University of 
Queensland and were approved by the University of Queensland Anatomical 
Bioscience Animal Ethics Committee before commencement of the study.  
6.3.1 Animal husbandry 
Outbred female Sprague Dawley rats were given a liquid diet containing 12.5% v/v 
ethanol (EtOH; n=12) or a control diet (Control; n=13) from 4 days before mating 
until 4 days after mating. We have previously reported details of the components of 
the diet and drinking patterns (Gardebjer et al., 2015). Importantly, both control and 
PC:EtOH exposed dams consume similar amounts of calories, thus removing 
undernutrition as a potential confounding factor. Dams were allowed to give birth 
naturally and offspring were weaned at postnatal day (PN) 28. All animals were 
group housed under standard conditions and fed a standard rat chow (meat free rat 
and mouse chow, Specialty feeds, WA) from weaning until experimentation 
commenced at 15 months. Tissue collection occurred at the end of all 
experimentation at 19 months of age.  
6.3.2 Food preference study 
Animals were randomly allocated to this protocol. At 15 months of age rats were 
individually housed: male Control n=13 (from 10 litters), male PC:EtOH n=13 (from 9 
litters), female Control n=8 (from 8 litters) and female PC:EtOH n=8 (from 8 litters). 
Only 1-2 animals per sex per litter were used and where more than one animal per 
litter was used results for that litter were averaged prior to statistical analysis. After a 
four-day acclimatisation period, the consumption of standard chow was measured 
every second day for a period of 4 days to establish baseline consumption. Offspring 
were then given free access to both a high-fat western diet (HFD; 22% Fat, 0.15% 
Cholesterol Semi-Pure Rodent diet-SF00-219, Specialty Feeds, WA) and standard 
chow to assess food preference over a 4 day period. Food intake was recorded and 
the position of the diets in the cage was switched every 2 days. Food consumption 
per gram of bodyweight was calculated for each of the trial periods. For the purpose 
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of analysis, the first 2 days of the food preference were designated as Period 1 and 
the third and fourth days were designated as Period 2. 
6.3.3 Alcohol preference study 
At 18 months of age, ethanol preference was assessed in offspring: male Control 
n=8 (from 6 litters), male PC:EtOH n=8 (from 7 litters), female Control n=9 (from 7 
litters) and female PC:EtOH n=8 (from 7 litters). A two-bottle choice paradigm 
ethanol preference test was performed (Phillips et al., 1998; Blizard et al., 2008) 
using 1-3 animals of each sex from any one litter. Briefly, the rats were acclimatised 
to individual housing for 4 days prior to baseline measurements being recorded. 
Baseline consumption was measured for 4 days prior to the start of the ethanol 
preference testing, during which food and water consumption was measured daily at 
15:00. Following the habituation phase, one of the two water bottles in each cage 
was replaced with a bottle containing 6% vol/vol EtOH. Food and fluid consumption 
was measured daily for 4 days and the position of the bottles was rotated each day. 
At the conclusion of the study animals were returned to their home cages.  
6.3.4 Tissue collection 
At 19 months of age, animals were fasted overnight before being weighed and killed 
by overdose of pentobarbitone sodium (Lethobarb; 0.1ml/100g). Morphometric 
analysis of animals including abdominal girth and tibia length were undertaken. The 
brain was excised and the NAc and VTA isolated by dissection using methods 
described previously (Ong & Muhlhausler, 2011). The NAc and VTA samples were 
snap frozen and stored at -80°C for subsequent analysis of gene expression. Fat 
pads including the subcutaneous, omental and retroperitoneal deposits were 
dissected and weighed. The weights of omental and retroperitoneal were summed to 
provide a measure of visceral fat mass.  
6.3.5 Gene expression 
RNA was extracted from both the NAc and VTA using RNeasy extraction kits 
(Qiagen) and cDNA was synthesised using IScript reverse transcription kit (Bio-Rad) 
as per the manufacturer’s instructions. The mRNA expression of key genes in the 
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mesolimbic reward pathway, including: µ-opioid receptor (oprm1: RN01430371_m1), 
dopamine active transporter (slc6a3: RN00561892_m1), dopamine receptor D1a 
(drd1a: RN03062203_s1), dopamine receptor D2 (drd2: RN00561126_m1) and 
tyrosine hydroxylase (th: RN00566938_m1) were determined by qRT-PCR using 
Taqman assays. The geometric mean of housekeepers Actb and rn18s were used to 
normalise expression and results analysed using the ∆∆Ct method. Where gene 
expression was not normally distributed, data was transformed using the natural log 
(Ln) prior to statistical analysis. There was no statistical difference between the Ct 
value of the geometric mean of housekeepers between treatment groups. 
6.3.6 Statistical analysis: 
The data for food and alcohol preference tests were analysed separately for each 
sex. The effect of PC:EtOH exposure on basal food consumption was assessed via 
students unpaired t-test. Two-way repeated measures analysis of variance 
(ANOVA), with time and treatment as factors was used to assess the effect of 
PC:EtOH on food and alcohol preference, with Bonferroni post hoc analysis used to 
assess differences between groups/time-periods as required. The impact of 
PC:EtOH on gene expression in the VTA and NAc, body measures and total and 
relative fat mass was assessed using a two-way ANOVA and Bonferroni post hoc 
test with sex and treatment as factors. All data are presented as mean ±SEM. * 
indicates P<0.05,** indicates P<0.01 and *** indicates P<0.001. All statistical 
analyses were performed using GraphPad Prism 7.01. 
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6.4 Results 
Body weight at both 15 months and at 18 months was not changed by PC:EtOH 
exposure. At both 15 and 18 months during food preference and alcohol preference 
tests, female rats were lighter than male rats regardless of treatment (data not 
shown). During baseline measurements, there was no effect of PC:EtOH on chow 
consumption in either males or females, but males consumed more food than 
females independent of treatment group (PSex<0.0001; data not shown). 
6.4.1 Food preference 
There was no difference in consumption of the standard rat chow during the baseline 
period between the Control and PC:EtOH groups at 15 months of age in either males 
or females (Fig 6.1A-B). During period 1 (the first 2 days rats were offered both chow 
and HFD), all animals ate more HFD compared to chow, and consumption of both 
chow and HFD was similar between groups (Fig 6.1C-F). In period 2 of the food 
preference test, consumption of the HFD was lower compared to period 1 in female 
offspring independent of treatment (Fig 6.1F; PPeriod<0.0001). However, in males 
there was a choice period x treatment interaction in the consumption of HFD (Fig 
6.1E; PInt<0.05). Control male offspring reduced HFD consumption whilst PC:EtOH 
male offspring consumed a similar amount of the HFD during both periods. Post hoc 
analysis indicated a significant difference in HFD consumption between treatment 
groups in period 2 (P<0.01), despite eating a similar amount of normal chow.  
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Figure 6.1: Food preference test at 15 months of age. Basal consumption of 
standard rat chow average over four days for male (A) and female (B) rats at 15 
months of age following periconceptional alcohol (PC:EtOH; black) or control 
(Control; white) diet. Food consumption over four days of testing, over two choice 
periods for male consumption of chow (C) and high fat diet (E). Female consumption 
of chow (D) and high fat diet (F) at 15 months of age. Data are mean ± SEM. n=8-10 
per group with litter mates averaged. Data are analysed by ttest (A,B) and two-way 
repeated measures ANOVA (C,D,E,F). *P<0.01 by post hoc analysis. 
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6.4.2 Alcohol preference studies 
In males, there was no impact of PC:EtOH on either total fluid consumption, water 
consumption, EtOH consumption or %EtOH consumption at any time during the 
alcohol preference test period (Fig 6.2 A,C,E,G). Total fluid consumption did, 
however, vary across the test period in both treatment groups (Fig 6.2 A; 
PDay<0.05). In female offspring, water consumption increased (Fig 6.2 C; 
PDay<0.001) while EtOH (Fig 6.2 E; PDay<0.01) and %EtOH (Fig 6.2 G; 
PDay<0.001) consumption decreased across the test period. In female offspring, 
total fluid consumption also changed across the test period (Fig 6.2 B; 
PDay<0.0001), with control offspring initially decreasing intake on day 2, before 
increasing intake on day 3 and then decreasing on day 4. PC:EtOH offspring 
exhibited a different pattern; increasing their total fluid intake until day 3 before 
decreasing (Fig 6.2B; PInt<0.05). PC:EtOH total fluid intake was higher on days 2-4 
(though not significantly). In addition, PC:EtOH female offspring tended to consume 
more water over the trial period and had a significantly higher water consumption on 
test day 3 compared to Control females (Fig 6.2 D; P<0.05). Despite the increase in 
overall fluid consumption, there was no effect of PC:EtOH on either EtOH 
consumption (Fig 6.2 F) or %EtOH consumption in females (Fig 6.2 H). 
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Figure 6.2: Alcohol preference test at 18 months of age. Total fluid consumption 
during a 4 day ethanol preference test in male (A) and female offspring (B) following 
periconceptional control (open circles) or ethanol (PC:EtOH, black squares) diet. 
Water consumption (C,D) and ethanol consumption (E,F) over test period for males 
and females respectively. % EtOH consumption over the test period in males (G) 
and females (H). Data are mean ± SEM and analysed by two-way repeated 
measures ANOVA. n=8-9 per group. *P<0.05 by post hoc analysis.  
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6.4.3 Body composition at post mortem 
There was no effect of PC:EtOH exposure on body weight, abdominal girth or the 
total or relative weights of either subcutaneous or visceral fat in either sex (Table 
6.1). There were also no differences in the mass of subcutaneous or visceral fat 
relative to tibia length between treatment groups. Independent of treatment group, 
females were lighter (PSex<0.0001), had a smaller abdominal girth (PSex<0.0001), 
less subcutaneous fat and relative subcutaneous fat (PSex<0.0001) compared to 
males. Female offspring also had less subcutaneous, visceral fat relative to both 
body weight and tibia length (PSex<0.001, PSex<0.05 and PSex<0.05 respectively) 
and less retroperitoneal fat (Table 6.1; PSex<0.0001) compared to males. 
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Table 6.1: Parameters measured at post mortem at 19 months of age.  
Fat data are dissected fat pad weights. Data are mean ± SEM and analysed by 2-
way ANOVA. n= 9-11 per group. 
 Male 
Control 
Male 
PC:EtOH 
Female 
Control 
Female 
PC:EtOH 
Statistics 
Body weight  
(g) 
814 ± 27 777 ± 29 457 ± 18 474 ± 25 
P(Trt)= NS 
P(Sex)<0.0001 
P(Int)= NS 
Abdominal girth 
 (mm) 
270.3 ± 5.8 270.5 ± 5.9 221.7 ± 4.9 229.5 ± 6.6 
P(Trt)= NS 
P(Sex)<0.0001 
P(Int)= NS 
Sub Cutaneous fat  
(g) 
83.1 ± 12.6 69.8 ± 4.8 21.9 ± 1.6 25.7 ± 3.8 
P(Trt)= NS 
P(Sex)<0.0001 
P(Int)= NS 
Sub Cutaneous fat relative 
to tibia length (g/mm) 
1.56 ± 0.36 1.24 ± 0.11 0.47 ± 0.07 0.48 ± 0.06 
P(Trt)= NS 
P(Sex)<0.0001 
P(Int)= NS 
Relative Subcutaneous fat  
(g/gBW) 
0.09 ± 0.01 0.09 ± 0.01 0.05 ± 0.00 0.05 ± 0.01 
P(Trt)= NS 
P(Sex)<0.0001 
P(Int)= NS 
Visceral fat (g) 35.4 ± 2.4 31.7 ± 3.1 20.6 ± 2.3 19.1 ± 2.3 
P(Trt)= NS 
P(Sex)<0.0001 
P(Int)= NS 
Visceral fat relative to tibia 
length (g/mm) 
0.71 ± 0.09 0.52 ± 0.05 0.49 ± 0.08 0.35 ± 0.03 
P(Trt)= NS 
P(Sex)<0.05 
P(Int)= NS 
Relative Visceral fat 
(g/gBW) 
0.06 ± 
0.004 
0.06 ± 
0.004 
0.08 ± 
0.006 
0.07 ± 
0.005 
P(Trt)= NS 
P(Sex)<0.05 
P(Int)= NS 
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6.4.4 Gene expression at 19 months of age 
PC:EtOH decreased the expression of drd1a in the VTA of offspring (Fig 6.3A; 
PTrt<0.05), with post hoc analysis indicating a significant decrease in male PC:EtOH 
offspring when compared to control males (P<0.001). The expression of drd1a 
mRNA in the VTA was lower in females than in males, independent of treatment 
(PSex<0.05). In the NAc, drd1a mRNA expression was not affected by 
periconceptional alcohol exposure, however, a similar trend in expression patterns 
was observed as in the VTA (Fig 6.3B). PC:EtOH did not change gene expression of 
drd2 or oprm1 in either the VTA (Fig 6.3C,E) or NAc (Fig 6.3D,F). The relative 
expression of th and slc6a3 mRNA to house keepers in both brain regions was 
variable but similar between groups in both the VTA and NAc (Table 6.2).  
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Figure 6.3: mRNA expression in the VTA and NAc of offspring exposed to 
PC:ETOH. mRNA expression of dopamine receptor D1a (drd1a; A,B), dopamine 
receptor D2 (drd2; C,D) and µ-opioid receptor (oprm1; E,F) in the ventral tegmental 
area (VTA; A,C,E) and nucleus accumbens (NAc, B,D,F) of male and female 
offspring at 19 months of age following periconceptional control (Control; white) or 
ethanol (PC:EtOH; Black) diet. Data are mean ± SEM. n=6-9 per group. Where data 
were not normally distributed, data underwent natural log transformation prior to 
statistical analysis. Data are analysed by two-way ANOVA. ***P<0.001 by post hoc 
analysis. 
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Table 6.2: mRNA expression of tyrosine hydroxylase and dopamine active 
transporter in the VTA and NAc of offspring. 
    
Male 
control 
Male 
PC:EtOH 
Female 
Control 
Female 
PC:EtOH 
Statistics 
VTA 
median 
(range) 
th 
0.72 
(0.07-16.81) 
1.91 
(0.07-14.75) 
0.12 
(0.03-
0.16) 
0.40 
(0.09-5.43) 
P(Trt)=NS 
P(Sex)=NS 
P(Int)=NS 
slc6a3 
1.76 
(0.03-38.25) 
7.23 
(0.06-39.50) 
0.11 
(0.02-0.4) 
0.76 
(0.18-16.01) 
P(Trt)=NS 
P(Sex)=NS 
P(Int)=NS 
NAc 
Mean±SE
M 
th 1.04±0.13 4.15±1.79 1.10±0.08 2.07±1.05 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
slc6a3 1.11±0.19 1.59±0.71 0.56±0.16 1.31±0.78 
P(Trt)= NS 
P(Sex)= NS 
P(Int)= NS 
Tyrosine hydroxylase (th), dopamine active transport (slc6a3), data for the VTA was 
natural log transformed prior to statistical analysis via two-way ANOVA, n=5-7 per 
treatment group. 
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6.5 Discussion 
The major finding of this study was that exposure to PC:EtOH can influence food 
preference in a sex specific manner with males exposed to PC:EtOH having a 
sustained preference for high fat food that was not present in Control offspring. 
Surprisingly, at least in the paradigm tested in this study, PC:EtOH did not affect 
alcohol preference in offspring, which is in contrast to previous studies in which 
ethanol was administered throughout pregnancy. We investigated alterations to key 
genes in two regions of the limbic reward pathway, identifying significant changes in 
the VTA, suggesting that the reward pathway may be permanently affected by 
PC:EtOH. These findings are of significant interest given the high prevalence of 
alcohol consumption prior to pregnancy recognition. 
To date, few studies have investigated the relationship between alcohol consumption 
during pregnancy, altered food preference in offspring and the mesolimbic reward 
system. This is despite the fact that children exposed to alcohol in utero exhibit 
increased snacking and reduced reporting of satiety (Werts et al., 2014). In the same 
study, the altered food behaviours were associated with obesity in female children 
and the authors suggested a link between fetal alcohol spectrum disorder and 
impaired dietary self-regulation (Werts et al., 2014). Within our study, during the first 
choice period where animals were given access to both chow and a high fat diet, all 
animals consumed a large amount of HFD, consistent with the expected response to 
a novel stimulus. During the second choice period however male PC:EtOH offspring 
maintained an increased consumption of HFD when compared to control 
counterparts, suggesting a sustained preference for high fat food. This suggests 
these male PC:EtOH offspring may have an inability to adjust intake when offered 
higher calorie food. Although there is little research linking prenatal alcohol 
consumption and offspring food preference, prenatal alcohol exposure on days 17-
19 of gestation has been shown to increase the reinforcement properties of sucrose 
in offspring (Cullere et al., 2014). There are numerous other examples where food 
preferences are programmed following prenatal perturbations. For example, 
maternal food restriction (50%) from gestational day 10 until weaning in the rat led to 
a preference for highly palatable food in offspring in young adulthood (Dalle Molle et 
al., 2015). Similarly, offspring of dams exposed to a ‘junk food’ diet from two weeks 
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prior to mating and throughout pregnancy demonstrate increased fat intake from 
weaning until at least 3 months of age when given access to both the ‘junk food’ diet 
and a standard rat chow (Ong & Muhlhausler, 2011). Importantly, the altered food 
intake demonstrated in the male offspring during the food preference test is 
restricted to the HFD and baseline food consumption was not affected by PC:EtOH. 
These findings are of significant interest given the dose and timing of alcohol 
exposure used in this study reflect the drinking patterns and high prevalence of 
alcohol consumption by women prior to pregnancy recognition (Yusuf & Leeder, 
2015; McCormack et al., 2017). 
Our finding that the altered preference for the HFD in PC:EtOH offspring was 
confined to males is consistent with previous studies that have also reported sex 
specific effects of prenatal exposures on offspring food preference. In a rodent study, 
exposure to a low protein diet from conception through to day 22 of gestation in rats 
had different effects on food preferences in male and female offspring at twelve 
weeks. Thus, female low-protein offspring consumed less standard chow than 
control animals, but consumed 65% more high fat and less carbohydrate than control 
offspring during a diet trial in which they had free access to a choice of a high-
protein, high-carbohydrate and high-fat chow. In contrast, male low-protein offspring 
did not exhibit a preference for high fat food but consumed less of the carbohydrate 
diet (Bellinger et al., 2004).  
The mesolimbic reward pathway has been linked with alterations to preference for 
food following prenatal perturbations. The expression of the µ-opioid receptor was 
decreased in the VTA of offspring whose mothers were fed a ‘junk food’ diet through 
gestation (Gugusheff et al., 2016b). The role of the µ-opioid receptor in programming 
the increased preference for alcohol in offspring following prenatal alcohol exposure 
is further supported by the finding that the increased appetitive responses to alcohol 
in rats exposed prenatally to ethanol can be prevented by the simultaneous 
administration of naloxone, an opioid-receptor antagonist (Arias & Chotro, 2005). 
Expression of the D2 receptor was also reduced and expression of th mRNA 
increased in offspring exposed to a 50% food restriction in utero (Dalle Molle et al., 
2015). Despite the increased preference for the high-fat diet in adult male offspring in 
our current study, we did not find any alterations in the expression of key genes, µ-
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opioid receptor, drd2 or th in either the VTA or NAc. We did however demonstrate 
decreased drd1a expression in male offspring in these regions. Although, there is a 
large volume of literature linking decreased expression of DRD2 in the brain and 
alterations to food preference following prenatal exposures, less is known about 
DRD1 and its influence on food preference throughout life. A recent paper has 
established that D1 type receptors in the dorsal hippocampus can mediate socially 
acquired food preferences (Matta et al., 2017) but that study did not examine the 
VTA or NAc. Previous studies highlight the importance of the D1 receptors in the 
VTA in reward based learning by using direct micro-injections of a drd1a receptor 
antagonist. Following cocaine pairing, conditioned place preference could be 
abolished using the antagonist in a dose dependent manner (Galaj et al., 2014). Sex 
differences in drd1 expression have been shown in a recent study using the Fore 
Core Genotypes mouse model. This study identified that the expression of drd1 was 
effected by sex chromosome complement, with significant interactions between 
gonadal sex and circulating testosterone (Seney et al., 2013). In light of this, it is 
therefore perhaps not surprising that we saw demonstrated decreased expression of 
drd1a in the VTA of female offspring, across both treatment groups. As we saw no 
other alterations in key markers of the mesolimbic reward pathways, our results may 
indicate programmed deficits in learning, rather than food preference directly, may 
be responsible for the increased fat intake in PC:EtOH male offspring.  
The absence of any differences in post mortem body weights and fat mass in 
PC:EtOH exposed offspring suggests they do not have higher levels of body fat at 
this age when animals are fed a standard chow diet. This was unexpected in light of 
our previous finding that periconceptional alcohol exposure is associated with 
elevated fasted plasma glucose, impaired glucose tolerance and decreased insulin 
sensitivity at 6 months of age (Gardebjer et al., 2015). We have also previously 
reported that PC:EtOH causes fetal growth restriction (Gardebjer et al., 2014) and 
postnatal catch up growth (Gardebjer et al., 2015) both of which have been 
associated with increased fat deposition and risk of obesity in many previous studies 
(Bellinger et al., 2006; Joss-Moore et al., 2010; Gugusheff et al., 2016a). However, a 
gold standard measurement such as dual-energy X-ray absorptiometry (DXA) would 
be needed to confirm these findings. As our rats were studied at quite an advanced 
age it is important to note that differential fat deposition could have occurred during 
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other periods of development and adulthood that we did not investigate. As such, 
future studies are needed to explore metabolic parameters in animals as they age.  
Contrary to expectations, and despite PC:EtOH male offspring having a preference 
for the HFD, neither male or female PC:EtOH offspring exhibited an increased 
preference for alcohol. This is in contrast to the large body of literature 
demonstrating that alcohol exposure at various times during gestation leads to 
offspring having a higher propensity toward alcohol. Indeed, alcohol and drug abuse 
have been identified as major secondary disabilities reported in young adults who 
were exposed to alcohol in utero (Famy et al., 1998; Streissguth et al., 2004; Barr et 
al., 2006). This suggests that exposure to alcohol during the periconceptional period 
alone does not have the same effect on offspring reward pathways and perhaps that 
direct exposure to alcohol via the placenta (and then amniotic fluid) and/or milk 
(during lactation) is needed for taste sensitisation. Despite not observing any 
alteration in alcohol seeking behaviour, we did find evidence of female offspring in 
the PC:EtOH group consuming more water throughout the testing period. This 
increase in water consumption could indicate alterations to the renal system rather 
than an alteration to reward seeking behaviours as we had hypothesised. Indeed, 
studies have shown that prenatal alcohol exposure in rats can be associated with 
increases in water consumption, urine output and altered arginine-vasopressin 
producing neurons in the offspring (Knee et al., 2004). As increased diuresis is 
implicated in cases of diabetes, further investigation of the kidneys and renal 
systems in this model is warranted.  
In summary, periconceptional alcohol exposure induced a preference for HFD in 
male, but not female offspring but had no effect on alcohol preference in either sex. 
This alteration in food preference was associated with a decreased expression of 
drd1a mRNA in the VTA of offspring but was not associated with alteration to other 
components of the mesolimbic reward pathway or alterations to fat distribution in 
offspring. This is particularly interesting as it highlights that alterations to food intake 
may be the result of changes in systems not directly influenced by the reward 
pathway and may be linked to altered learning in offspring exposed to 
periconceptional alcohol. Additionally, following PC:EtOH, female offspring 
consumed more water, which indicates a programmed outcome not related to food 
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preference. These findings support the current guidelines in many countries that 
advise the avoidance of alcohol when planning a pregnancy. 
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Chapter 7 
General discussion 
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7.1 Thesis summary 
This thesis has focussed on investigating the effect of PC:EtOH exposure on the 
long term programming of cardiovascular and renal disease. Importantly, these 
studies focussed on a highly relevant period surrounding conception, during which 
the developing blastocyst may be exposed to alcohol. Morphological, functional and 
molecular indices of adult altered heart and kidney function were found to become 
more severe with age but also importantly, occurred in a sex specific manner. My 
thesis highlights several key long term disease outcomes following this very short 
and ill-timed exposure. It is important to note that although the renal and cardiac 
physiology was only minimally influenced by the addition of a postnatal diet high in 
fat and cholesterol, other work from our laboratory has shown that this diet 
exacerbates underlying metabolic dysfunction and risk of obesity. This thesis 
additionally investigated if PC:EtOH exposure could program offspring behavioural 
traits, which may contribute to these phenotypes. PC:EtOH exposure increased 
preference for a high fat diet in a sex specific manner that may add to the insulin 
resistance and increased fat deposition. This chapter will summarise the findings of 
this thesis and put them into context with the literature and other work performed by 
our laboratory using this model.  
7.1.1 Summary of results 
Periconceptional alcohol exposure induces renal dysfunction and sex specific 
increases in AQP2 and AVPR2 in aged rat offspring 
Following PC:EtOH exposure, this chapter explored the kidney function of offspring 
from postnatal to adult life and investigated mechanistic adaptations that may be 
responsible. The primary effects of PC:EtOH on the kidney were: 
 Offspring had smaller kidneys with fewer nephrons at PN30, particularly male 
offspring. 
 Increased urine flow in female offspring at 19 months of age. 
 Increased renal expression of Aqp2 and Avpr2 mRNA and protein in females 
at 19 months of age and altered AQP2 protein distribution.  
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Periconceptional alcohol alters in vivo heart function and expression of 
estrogen receptor alpha. 
This chapter examined structural and physiological properties of the heart following 
PC:EtOH and characterised the molecular and hormonal factors known to regulate 
these parameters. The primary effects of PC:EtOH on the heart were: 
 Increased heart to body weight ratio in female fetuses at E20 but reduced 
heart weight at PN30.  
 Female offspring had increased LVIDs and decreased cardiac output 
indicating a dilated cardiomyopathy-like phenotype at 12 months of age.  
 Increased left ventricle (LV) thickness in female offspring at 19 months of age 
associated with elevated mRNA expression of Agtr1a, Esr1 and Hsp90aa. 
 Circulating concentrations E2 were elevated in aged female offspring.  
 
The effect of periconceptional alcohol exposure and a postnatal western diet 
on renal and cardiovascular physiology 
This chapter investigated the impact of a high fat and cholesterol diet on renal, 
cardiovascular and vascular function. Mechanisms which may explain cardiac 
dysfunction were further interrogated. The primary findings from this study included: 
 Altered renal and cardiac function was not significantly exacerbated by a 
western diet (HFD) from 3 months of age. 
 Mild vascular dysfunction when PC:EtOH offspring were exposed to a HFD 
throughout life. 
 Altered cardiac function following PC:EtOH was associated with increased 
expression of Gsy1 in male offspring and GSK3b in female offspring. 
 
The impact of periconceptional alcohol exposure on fat preference and gene 
expression in the mesolimbic reward pathway in adult rat offspring 
This chapter studied the effect of PC:EtOH on offspring preference for alcohol and 
high fat food and the associated mesolimbic reward pathways. Expression of key 
 197 
 
genes in specific brain regions were assessed to identify mechanisms responsible 
for altered food preferences. Key effects of PC:EtOH in this chapter include: 
 Male but not female offspring had a preference for HFD at 15 months.  
 Alcohol preference was not altered in offspring at 18 months.  
 Expression of Drd1a mRNA was decreased in the VTA of male offspring. 
 
7.2 Summary of thesis findings in the context of other findings from this 
animal models of PC:EtOH exposure. 
Prior to consideration of how the results of this thesis add to the literature in this field, 
it is important to understand the full range of outcomes that our laboratory has 
identified. This model has been used to study the effect of PC:EtOH exposure on a 
range of physiological, molecular and histological parameters since 2011. As such, 
while this thesis contains a significant contribution to the understanding of PC:EtOH 
on long term health, it must be considered in the context or work performed by other 
members within the Moritz laboratory. Of key importance, previous work has 
demonstrated sex specific adaptations in the placenta (Gardebjer et al., 2014) that 
may contribute to the altered cardiovascular and renal function highlighted in this 
thesis. Furthermore, cardiovascular and renal dysfunctions are known to be 
intricately linked to metabolic health which has been previously shown to be 
perturbed in this model (Gardebjer et al., 2015). In addition, investigations into other 
behavioural and endocrine systems are ongoing in this model. The current results 
from the Moritz Laboratory that are relevant to this thesis are summarised in Table 
7.1. Collectively, these results highlight the detrimental impact of PC:EtOH on a 
range of physiological systems which supports the notion that women planning a 
pregnancy should abstain from any consumption of alcohol or risk the long term 
health of their children.  
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Table 7.1: Summary table of physiological outcomes following PC:EtOH exposure. 
Arrows indicate alterations following PC:EtOH; increased (↑),decreased (↓) and unchanged 
(↔). Data from this thesis, unpublished data from D Burgess and Gardebjer et al., 2014; 
Gardebjer et al., 2015; Kalisch-Smith et al., 2016. Male (M), female (F), glucose intolerant 
(GI), insulin insensitive (II), fasting (Fa), vasodilation (VD), end diastolic pressure (EDP), 
end reperfusion (ER), Abdominal fat (Abdo), total fat mass (TFM).
  
  
Fetal  
(E20) 
Post- 
Weaning 
(PN30) 
Early 
adulthood 
(5-8m) 
Adult 
(12m) 
Aged 
(15-19m) 
Placenta 
Trophoblast 
cells 
↓Cell count 
(In culture) 
    
Glycogen  
↑ F 
particularly 
    
Renal 
Glomerular 
number  
↓M&F 
   
Collecting 
duct length     
↔ 
Urine flow 
  
↔ ↑F ↑F 
Cardiac 
Echocardio-
graphy    
↑F LVIDs 
↓F CO  
Reactive 
hyperaemia   
↑M 
vasodilation   
Ischemia 
reperfusion   
↑F EDP ER 
  
Plasma 
Leptin  
 
↑M ↑F 
  
Glucose 
  
↑M&F Fa  
Intolerant   
Insulin 
  
Insensitive 
  
Corticostero
ne   
↓F 
 
↓M&F 
Cholesterol 
 
↔ ↑M&F 
  
Estrogen 
    
↑F 
Hippocampus 
Nr3c1    ↑M&F  
Hsp90    ↑F  
Obesity 
Weight ↓M&F ↔ ↔ ↔ ↔ 
DEXA 
  
↑M Abdo 
↑TFM   
Dissected fat 
pads    
↑M Abdo 
 
↔ 
Dietary 
preference 
Alcohol 
    
↔ 
HFD 
    
↑M 
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7.3 The importance of the periconceptional period: lessons from animal models 
Despite the fact that the periconceptional period is a highly relevant and critically important 
time for the long-term development of the fetus, most studies have investigated long term 
disease following perturbations later in gestation. As such it is important to consider the 
findings from the current thesis in the context of the studies that have previously 
investigated this periconceptional period. The majority of periconceptional exposure 
studies have investigated long term outcomes following undernutrition. Undernutrition in 
this early window has been shown to alter the development of the early embryo (Kwong et 
al., 2000) and alter physiological outcomes for a range of systems including those 
investigated in the current thesis, namely those related to renal disease (Watkins et al., 
2008b), cardiovascular disease (Edwards & McMillen, 2002; Lie et al., 2013b) and 
offspring behaviour (Watkins et al., 2008b). The diverse outcomes following exposure to a 
poor in utero environment during this period highlight its vulnerable nature and 
fundamental importance. Given the high rates of alcohol consumption during this time of 
development, it is surprising that the currently used animal model is the first of its kind to 
focus on alcohol exposure prior to implantation. Alcohol has been studied widely when the 
exposure occurs late in gestation (Ren et al., 2002; Gray et al., 2008) and during key 
stages of organogenesis (Gray et al., 2010). Furthermore, there is paucity in the alcohol 
literature exploring the postnatal development of chronic disease and the long-term 
physiology of offspring. Given that recent reports suggest that up to 60% of pregnancies 
are exposed to alcohol during this period of development (McCormack et al., 2017), the 
work conducted in this thesis is of high clinical relevance.  
Following periconceptional dietary restriction, nephron endowment has been shown to be 
altered by a low protein diet from E-3.5 to E0 in the mouse, exclusively during oocyte 
maturation. Interestingly, the authors reported an increase in nephron endowment in 
female offspring only, with increases in blood pressure found in both sexes, as well as 
altered vascular function in females (Watkins et al., 2008b). It should be noted that the 
nephron numbers obtained in that study differ considerably from other studies of mouse 
nephron endowment. This suggests an underlying mechanism influencing offspring 
outcomes is being initiated during this period. Despite this, at 52 weeks of age, offspring 
exposed to the same nutrient deficiency either during oocyte maturation (from 3.5 days 
prior to mating until mating); during the preimplantation period (from mating until E3.5) or 
throughout the entirety of gestation all exhibited increased SBP compared to their 
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respective controls (Watkins et al., 2011). This highlights the plasticity of development 
throughout the periconceptional period with even preconceptional exposure sufficient to 
program disease. In this thesis it has been demonstrated that alcohol exposure from 4 
days prior to conception until 4 days after conception decreased nephron endowment, 
particularly in the kidneys of male offspring however, this did not alter blood pressure in 
offspring of either sex. Combined, these results support the notion that factors other than 
nephron number alone regulate programmed hypertension in offspring. While we do report 
a decrease in nephron endowment, it was only small and increases in blood pressure are 
usually associated with more significant decreases in nephron endowment.  
Alcohol exposure around the time of gastrulation (E6.5) in the mouse has been shown to 
alter heart function in the fetus (Serrano et al., 2010) as well as cause altered lipid 
accumulation in both the placenta and heart (Linask & Han, 2016). Following PC:EtOH 
exposure we demonstrated altered in vivo heart function in adult female offspring, a finding 
that had previously only been demonstrated following alcohol exposure throughout 
gestation (Nguyen et al., 2014). While the specific alterations are different between these 
two models of alcohol exposure, they are important indications that alcohol at either time 
of gestation can alter heart function in offspring. Links between altered heart development 
and early exposure to alcohol have also been demonstrated using a Zebra fish model 
where eggs were exposed to alcohol from 0-3 days post fertilisation (Dlugos & Rabin, 
2010). At 5 days post fertilisation, hearts of fish exposed to ethanol were larger with 
thinner LV wall thickness with these fish also having a decreased heart rate indicating that 
a short period of alcohol exposure in early development can influence both heart function 
and growth. Periconceptional undernutrition alters expression of key markers of cardiac 
growth (Lie et al., 2013b) and protein restriction has been shown to decrease relative heart 
size in offspring (Watkins et al., 2008a).  
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7.4 Sex differences in disease development following PC:EtOH 
One of the most interesting characteristics of this model of periconceptional programming 
is the extreme sexual dimorphism in findings. As can be seen in Table 7.1, males have 
been shown to be largely impacted in terms of metabolic health, glucose control and 
adiposity while female offspring were shown to be more impacted in regards to cardio-
renal health. This thesis has shown that estrogen receptor alpha is altered in the hearts of 
female rats that displayed functional deficits. Furthermore, circulating estradiol has been 
shown to be increased in offspring following alcohol exposure throughout gestation 
(Polanco et al., 2010), similar to the findings following PC:EtOH exposure. This increase in 
circulating estrogen throughout life has the ability to impact many organ systems, including 
the heart and kidney. Recently, estrogen receptor alpha has been shown to mediate the 
inhibitory effect of estrogen on the expression of AQP2 in the collecting duct of mouse 
kidneys (Cheema et al., 2015). Furthermore, AQP2 has been shown to contain an 
estrogen responsive element (Zou et al., 2011). This interesting finding suggests that 
although in this thesis the kidney and heart have been studied independently, overarching 
systems may be responsible for the adaptations seen in each of these organs.  
To further characterise the significance of a change in estrogen in offspring following 
PC:EtOH, additional investigations would be of importance. While quantification of 
estrogen receptor alpha protein levels was attempted, a suitable antibody was not found. 
In future, understanding the protein levels of both estrogen receptor alpha and beta will 
enable us to fully understand the effect of these receptors on disease progression. It would 
be of interest to determine if estrogen concentrations were elevated earlier in life, or if this 
increase in circulating estrogen is only present in aged females. It may be possible that 
estrogen concentrations were reduced at a younger age and have over compensated in 
older life. Alternatively, the age dependant decline in estrogen that occurs naturally in rats 
may have been delayed following PC:EtOH. Furthermore, ovarictomisation (OVX) has 
been used as a way to implicate estrogen in the protection of growth restricted female rats 
from hypertension (Ojeda et al., 2007). In order to establish if the cardio-renal phenotype 
observed within this thesis is estrogen dependent it would be beneficial to perform OVX 
experiments in juvenile female offspring following PC:EtOH exposure, with added 
treatment groups of replacement E2 supplementation and excess E2 supplementation. This 
would enable a further understanding of the importance of estrogen related pathways in 
the development of impaired cardiovascular and renal physiology in these rats. These 
additional studies should investigate fertility as this may also be implicated in this model of 
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multisystem programmed disease. Preliminary data from our laboratory suggests that 
female offspring exposed to PC:EtOH have altered estrous cycles which may have 
implications for fertility. 
Estrogen is not the only sex hormone that can be implicated in the development of 
disease. Hyperandrogenemia, menstrual disturbances and polycystic ovaries are 
characteristics of polycystic ovary disease (PCOS; Fauser, 2004). Sufferers of PCOS have 
a higher rate of type 2 diabetes (Sirmans et al., 2014), non-alcoholic liver steatosis 
(Gambarin-Gelwan et al., 2007) and altered renal blood flow (Ciftci et al., 2012) with many 
of these findings similar to those in the current model. In a model of hyperandrogenemia 
(3x normal levels of testosterone), female rats developed hypertension, increased glucose, 
insulin and cholesterol concentrations, increased GFR and developed renal injury (Yanes 
et al., 2011). Women with PCOS have an increased risk of developing hepatic steatosis, a 
finding recently reported following PC:EtOH exposure (Gardebjer et al., 2017). It has also 
been reported that prenatal bilateral uterine vessel ligation culminating in offspring being 
born small can alter testosterone and progesterone in offspring at the time of puberty 
onset (Romano et al., 2015). While we have not measured plasma androgen levels in 
offspring, our laboratory has shown altered hormonal profiles following PC:EtOH, as well 
as with the added second hit of a postnatal western diet. The postnatal hormonal 
environment is a key regulator of disease progression, but there is evidence linking the 
importance of the placenta in programming sex specific outcomes in offspring.  
7.5 Mechanisms programming disease outcomes following periconceptional alcohol 
exposure 
This thesis has highlighted that exposure to alcohol even before implantation of the 
embryo into the uterus can lead to impaired function of two organs that don’t develop until 
significantly later in pregnancy. This may occur due to epigenetic mechanisms, alterations 
in early cell number or maternal adaptations that persist past cessation of treatment. Many 
studies have shown that alterations to both maternal physiology and the early 
development of the placenta can have long lasting effects on both the initial development 
of the fetus, the development of key organs such as the heart and kidney, as well as long 
lasting health outcomes in offspring. Other studies in the Moritz laboratory are 
investigating if PC:EtOH exposure alters the progenitor pool of cells that may form the 
embryo/placenta. In addition, ongoing studies are characterising the impact of PC:EtOH 
on maternal endocrine dysfunction over gestation, which might indirectly influence 
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development and program disease in offspring. Published findings from this model have 
demonstrated that PC:EtOH exposure induces characteristic outcomes of prenatal 
programming, with fetuses being growth restricted at E20 (Gardebjer et al., 2014). This 
reduction in fetal weight was associated with a number of placental adaptations which may 
be related to poor fetal growth as well as impaired development of key fetal organs. 
Previous studies have highlighted that a key axis forms between the heart and placenta 
during prenatal life (for review see(Thornburg et al., 2010). Therefore, adaptations that 
occurred within the placenta may be of significance for the developing heart. Furthermore, 
the placenta is known to regulate nutrient transport and fetal glucocorticoid exposure, both 
of which are known to be important in determining nephron endowment and therefore 
renal function in offspring. 
7.5.1 Placenta 
The placenta is known to be a key regulator of sex specific programming of disease. This 
is thought to be due to the fact that the placenta regulates fetal growth differently between 
males and females. While placentas of male fetuses support continual fetal growth, 
placentas of females restrict growth in response to a challenge during pregnancy (Clifton, 
2010). These sex differences are thought to be regulated by differences in key placental 
pathways including OGT signalling (Pantaleon et al., 2017), glucose transport and 
glycogen deposition (Rosenfeld, 2015) and glucocorticoid mediated activation of certain 
gene pathways (Clifton et al., 2017; Cuffe et al., 2017). Unpublished data from the Moritz 
laboratory has demonstrated sex specific differences in the placenta in relation to these 
pathways following PC:EtOH exposure. The best characterised sex specific placental 
dysfunction in the current model is increased glycogen accumulation in the placentae of 
female fetuses that develop altered cardiovascular and renal function as adults. Glycogen 
deposition in the placenta is an adaptation often reported in models of programmed 
disease (Akison et al., 2017). However, its physiological significance is a matter of debate 
as it is unclear if it occurs due to storage of unwanted glucose to eliminate this potentially 
toxic nutrient, or if it is storing glucose for times when it may be needed in late gestation. 
Currently the general consensus seems to be that it is an adaptive response of the 
placenta to adversity where it stores energy for when energy demand exceeds availability 
(Akison et al., 2017). This hypothesis supports the concept of the thrifty phenotype which 
describes how prenatal adaptations occur to allow for maximal survival in a future 
predicted environment (Hales & Barker, 1992). Glycogen accumulation has been shown to 
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be increased in a model of maternal hyperglycemia (Lehtoranta et al., 2016) as well as 
following maternal hypomagnesemia (Schlegel et al., 2015). These studies suggest that 
altered placental glycogen accumulation can occur during both nutrient excess and during 
dietary nutrient depletion. 
7.5.2 Glycogen as a marker of later life disease 
The placenta is not the only site of glycogen deposition; similarly, cardiac glycogen 
accumulation in the fetus is postulated to be important for coping with the metabolic 
demand of transitioning to postnatal life (Kassiotis et al., 2008). Interestingly, given the 
findings of this thesis, histological examination of human hearts with dilated 
cardiomyopathy has linked a decrease in contractile elements with an increased 
deposition of glycogen, mitochondria and ribosomes within the cytoplasm (Schaper et al., 
1991). Cardiac accumulation of glycogen deposition through autophagy, coined 
‘glycophagy’ is accentuated by metabolic stress in the hearts from female mice (Reichelt 
et al., 2013). In neonatal ventricular cardiomyocytes, increased degradation of glycogen 
through this method has been shown to be insulin dependent in high glucose conditions 
(Mellor et al., 2014). Furthermore, hearts of females have approximately half the stored 
glycogen of male hearts, however when fasted, female hearts had a marked increase in 
glycogen content associated with activation of glycogen synthase (Reichelt et al., 2013). 
Given the evidence following PC:EtOH of altered nutrient handling of the placenta, along 
with reported disturbances to both glucose and insulin control, further exploration of 
nutrient handling within the myocardium is warranted.  
7.5.3 Epigenetic regulation: miRNA, methylation and circadian rhythm 
Periconceptional perturbations have linked outcomes in offspring health to epigenetic 
changes in early gestation. These adaptations include altered miRNA expression, histone 
modification and DNA methylation (Yamada & Chong, 2017). Research in sheep has 
demonstrated that periconceptional undernutrition (5 months before to 6 days after 
gestation) leads to a reduction in IGF2 gene expression and decreased methylation of the 
promoter region of the IGF2/H19 gene in the adrenal gland (Zhang et al., 2010). Similarly, 
maternal vitamin B and methionine restriction during the periconceptional period (from 
eight weeks prior to until 6 days after conception) programmed offspring disease and 
altered the methylation status of 4% of all CPG islands investigated in the liver of D90 fetal 
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sheep (Sinclair et al., 2007). The role of miRNAs in programmed offspring disease have 
been demonstrated in a range of tissues including fetal muscle (Lie et al., 2015) and fetal 
liver (Lie et al., 2016) following both periconceptional (from approximately 80 days prior to 
conception until E7) and preimplantation (from mating to E6) undernutrition. There was an 
inverse relationship between the expression of specific miRNAs with genes including 
MTOR and MYF5 in skeletal muscle (Lie et al., 2015) and others associated with genes 
including PDPK-1 and PDK4 in the liver (Lie et al., 2016). In a recent study performed 
within our laboratory, we have shown that PC:EtOH exposure can also change the 
epigenetic environment within the fetal liver with increased expression of DNA methyl 
transferases 1, 3a and 3b (Gardebjer et al., 2015), indicating that epigenetic regulation of 
outcomes may be involved. We have also demonstrated that PC:EtOH alters postnatal 
expression of miR-26a within adipose tissue in association with changes in IL6 and TNFα, 
genes known to be regulated by this miRNA (Gardebjer et al., 2017).  
Of further interest in regards to the renal AQP2 alterations reported in this thesis, is 
epigenetic regulation of gene expression by the peripheral and central circadian clock. 
Chromatin modifiers such as methyltrasferases have been shown to be recruited in a 
circadian manner in genes that are regulated by clock-BMAL1 (for review see Sahar & 
Sassone-Corsi, 2013). Prenatal obesity (Mouralidarane et al., 2015), protein restriction 
(Sutton et al., 2010), hypoxia (Joseph et al., 2002) and alcohol (Chen et al., 2006) have all 
reported alterations to circadian rhythms in offspring. Interestingly, in a recent study using 
a rat model of prenatal overnutrition, kidney mRNA expression of key circadian clock 
genes were increased (Tain et al., 2017) indicating that the renal peripheral circadian clock 
can be altered by a prenatal perturbation. This finding is of key relevance to our study as 
AVPR2 has been shown to be a kidney-specific clock controlled gene that can be adjusted 
in early postnatal life dependent on feeding cues (Meszaros et al., 2014). Furthermore, 
using a Per2:Luciferase knock-in mouse, kidney expression of both AQP2 and 
vasopressin receptor were shown to have clear diurnal rhythms (Hara et al., 2017). Given 
preliminary data within the Moritz laboratory suggests that PC:EtOH exposure can alter 
clock regulated genes within the liver of offspring as well as the diurnal rhythm of glucose 
and corticosterone, it would be of great interest to explore the kidney circadian clock.  
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7.5.4 The hypothalamic-pituitary-adrenal axis 
Periconceptional exposure may alter maternal physiological systems that persist past the 
cessation of maternal exposure. Programming of the offspring hypothalamic-pituitary-
adrenal (HPA) axis is known to influence the development of chronic disease in adult life. 
In the dams, we have preliminary evidence that maternal corticosterone concentrations 
are elevated throughout pregnancy. In addition, preliminary data from our lab indicates 
that offspring hippocampal expression of key genes in the HPA axis are perturbed 
following PC:EtOH. Furthermore, circulating levels of corticosterone are decreased in 
offspring, suggesting that the physiological effects of PC:EtOH could be mediated by an 
underlying alteration to the HPA axis. This is not a new concept in periconceptional 
studies. Undernutrition during the periconceptional period in sheep has been shown to 
increase blood pressure in twin offspring, which correlated with increases in ACTH 
(Edwards & McMillen, 2002). Furthermore, periconceptional dietary restriction leads to an 
increased responsiveness to stress in female lambs, whilst both male and female lambs 
showed increases in adrenal weight (Zhang et al., 2010). Periconceptional undernutrition 
has also been shown to decrease CYP17, a key steroidogenic gene, in the adrenals of 
singleton offspring (Williams-Wyss et al., 2014). Prenatal alcohol exposure has also been 
shown to alter cortisol in humans (McLachlan et al., 2016) and animal models (Raineki et 
al., 2016). Together, these outcomes suggest that the postnatal outcomes of PC:EtOH 
could be directly related to an altered HPA axis. 
7.6 Impact of a postnatal ‘second hit’ 
Surprisingly, the addition of the HFD to animals at 3 months of age did not exacerbate the 
underlying renal and cardiovascular dysfunction. This is despite literature from our 
laboratory and others showing that a postnatal diet high in fat and cholesterol can unmask 
underlying disease. Using the same model, PC:EtOH exposure caused insulin insensitivity 
and glucose intolerance which were both made significantly worse by the addition of HFD 
(Gardebjer et al., 2015). Following a prenatal iron deficient diet a postnatal western diet 
has been shown to unmask metabolic and cardiovascular disease (Bourque et al., 2012). 
Whilst we were unable to perform radiotelemetry experiments in offspring fed a HFD we 
did not observe a worsening of renal function or cardiac function (by echocardiography) 
with the addition of a HFD. This was particularly unexpected as periconceptional protein 
restriction has been shown to cause renal dysfunction in offspring only with the addition of 
a postnatal HFD (Lloyd et al., 2012). Conversely, prenatal hypoxia leads to bradycardia in 
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offspring when measured by echocardiography which was not accentuated by a high fat 
diet (Rueda-Clausen et al., 2012). The lack of exacerbation of underlying disease following 
PC:EtOH is despite the finding that male offspring had a preference for the high fat diet 
(Dorey et al., 2017) and have been shown to have a higher percentage body fat by DEXA 
(Gardebjer et al., 2017). While there were some small functional vascular changes 
observed with the addition of HFD, an alternative postnatal diet such as one high in salt 
may have been more appropriate in order to exacerbate the underlying physiology, 
particularly renal function.  
Interestingly, as the study continued, it became evident that aging was a more potent 
‘second hit’ to the pathophysiology of cardio-renal systems in offspring exposed to 
PC:EtOH. Renal function in females following PC:EtOH exposure was not different from 
controls at 6 months of age but they had increased urine flow under both basal and 
dehydration conditions at 19 months of age. Polyuria in senescent female rats (30 months) 
has been linked with the under expression and mistargeting of aquaporin-2 (Combet et al., 
2008). Fetal uni-nephrectomy induces hypertension in sheep at two years of age and 
causes delayed ability to excrete a saline load (Singh et al., 2010). When female sheep of 
the same model were studied at five years of age the renal response to the saline load 
had worsened (Lankadeva et al., 2012). Decreases in GFR and vascular reactivity as well 
as increased left ventricle wall thickness are all associated with advancing age and add to 
the disease risk in the elderly (Nanayakkara et al., 2017). Given that 66% of Australians 
over the age of 75 suffer from a cardiovascular disease it is important to understand the 
impact of a prenatal perturbation on disease progression (ABS, 2015). While we know that 
PC:EtOH exposure altered female heart function at 12 months of age, it would be helpful 
for future experiments to measure both in vivo and ex vivo heart function at multiple ages 
to elucidate the impact of aging on function.  
7.7 Translation to a human population 
A recent study conducted in Melbourne, Australia has reported that 18.5% of women 
surveyed had consumed alcohol in a binge amount prior to pregnancy recognition (Muggli 
et al., 2016). This has the ability to have huge societal impact and prior to commencement 
of this study, it was unknown as to what effect this may have on the health of the heart and 
kidney as offspring age. There is a small body of literature that describes multi-organ 
involvement in children diagnosed with fetal alcohol syndrome, including renal tubular 
defects and congenital heart defects (Assadi, 1990; Burd et al., 2007) however, little is 
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known about long term disease outcomes. Studies have also highlighted impaired satiety 
in increased snacking in FASD children (Amos-Kroohs et al., 2016). Given the findings 
from this study, it should be a priority to further investigate cardio renal dysfunction in 
individuals exposed to alcohol during early gestation.  
7.8 Limitations and Future directions 
Based on the findings of this thesis, future studies should concentrate on key ages earlier 
in life to investigate when dysfunction begins to occur. Furthermore, given the hormonal 
alterations found in this study, all future collection of tissue should be controlled for estrous 
stage in female offspring. This would allow more robust interpretation of the data with full 
knowledge of the hormonal state. Given that we have found alterations in circulating 
estrogen levels in female offspring, investigating PC:EtOH exposure on offspring following 
OVX would allow further characterising of the molecular mechanism behind disease.  
Given the emerging evidence from our laboratory and others, the importance of circadian 
rhythm following prenatal perturbations is growing. While tissues used within this thesis 
were collected within a tight time widow, it would be of use to explore how molecular 
alterations vary throughout a 24hr cycle. Indeed many of the genes described in this thesis 
can be epigenetically and clock mediated. Therefore, it is important to investigate if an 
altered peripheral clock contributes to the outcomes of this thesis.  
While the postnatal dietary intervention of a high fat diet was shown to alter metabolic 
outcomes, the renal and cardiac findings were not exacerbated by this diet. Given this, 
future studies should focus on a different dietary intervention such as a diet high in salt. 
Furthermore, while urine flow was increased in offspring, we do not know the overall blood 
volume of offspring has been altered by PC:EtOH. Considering the changes in cardiac and 
renal function of offspring, this is an important avenue for future investigation. 
Outcomes of periconceptional perturbations, both undernutrition and PC:EtOH have been 
shown to alter markers of epigenetic regulation in various tissues. This highlights an 
important and emerging aspect in the programming field, linking how epigenetic alterations 
in the early embryo can have a profound impact on later life disease. While in this model 
we have identified some alterations in miRNA expression, the scope of this thesis did not 
include large-scale epigenetic profiling of the tissues studied. By using gold standard 
epigenetic tools, as well as deep sequencing to look at arrays of genes altered by 
 209 
 
PC:EtOH, future studies including these techniques would enable us to understand the 
molecular mechanisms behind physiological outcomes in much greater detail. 
7.9 Conclusion 
Periconceptional alcohol exposure has been shown to be detrimental to cardiac and renal 
health of offspring. This thesis has shown that alcohol exposure only around the time of 
conception can lead to marked renal deficits in female offspring associated with 
aquaporin-2 as they age. Furthermore, in vivo cardiac function is diminished in female 
offspring that were exposed to alcohol during the periconceptional period at 12 months of 
age. This alteration is associated with changes to estrogen receptor alpha as well as 
circulating estrogen levels. Surprisingly, these findings were not exacerbated by a 
postnatal high fat diet, however male PC:EtOH offspring consumed more HFD than 
controls. This study, in combination with other work from our laboratory shows that alcohol 
only around the time of conception can have a profound impact on offspring health 
throughout life. While it is difficult to ascertain in a human population the impact of alcohol 
exposure during the periconceptional period, our model has the ability to help close this 
gap in the literature as the early development of the rat closely resembles that of the 
human. Findings from this study are helping to answer mechanistic questions behind 
disease, allowing in depth analysis of the systems in question.  
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9.0 Appendicies 
Appendix 1- Nutritional information for diets 
 Meat Free Rat and 
Mouse Diet 
SF00-219 
Protein 20% 19% 
Total Fat 4.8% 21% 
Cholesterol (calculated) - 0.15% 
Crude Fibre 4.8% 4.7% 
Digestible energy 14.0 MJ/Kg 19.4 MJ/Kg 
Sodium (total minerals) 0.18% 0.12% 
Potassium (total minerals) 0.82% 0.40% 
Chloride (total minerals) - 0.16% 
Information from Specialty Feeds product sheets for SF00-219 (22% Fat, 0.15% 
Cholesterol Semi-Pure Rodent Diet (v13/08/12) and Meat Free Rat and Mouse Diet 
(v09/08/12). 
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